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C.  H.  Chiou,  L.  L.  Oh,  and  C.  D.  Lunden 
The  Boeing  Company 
Airplane  Division 
Renton,  VJashington 


I.  IHTRODUCTION 

Eadomes  mounted  on  supersonic  vehicles  naist  operate  at  hi^  tenq^er- 
atures  and  must  he  ahle  to  withstand  severe  aerodynamic  stresses  and 
rain  erosion.  These  requirements  have  resulted  in  a  trend  towai'd  the 
use  of  inorganic  materials  such  as  alumina,  ceramics,  glass,  and 
glass-honded  mica.  In  the  construction  of  radomes,  such  materials 
have  been  used  successfuJJiy  for  some  missile  radomes,  hut  their  me¬ 
chanical  strength  is  apt  to  he  marginal  in  certain  svpersonic  appli¬ 
cations.  As  a  possible  alternative,  the  properties  of  slotted  metal 
sheets  for-  radome  structvires  have  been  investigated.  The  present 
study  was  conducted  to  determine  the  electrical  properties  of  metal 
radomes  with  empty  (  C<=  l.O)  slots.  Data  are  also  given  on  the 
properties  of  a  dielectric -covered  slot. 


II.  MICROWAVE  TRANSMISSION  THROUGH  SLOTTED  METAL  PLANE  SHEET 

In  an  analysis  of  the  electrical  properties  of  a  radome,  it  is  often 
sufficient  to  replace  the  curved  radome  wall  locally  by  a  plane  wall 
of  the  same  cross  section.  The  scattered  (reflected  and  transmitted) 
waves  may  then  be  deteimined  from  plane -sheet  theory. 

A  metal  sheet  with  periodicelly  spaced  slots  exhibits  band-pass 
characteristics  in  the  microwave  region.  The  frequency  at  which 
the  electromagnetic  wave  is  transmitted  with  minimum  attenuation 
is  deteimined  by  the  dimension  and  periodicity  of  slots  (Fig.  l). 

If  a  TM  electromagnetic  wave  impinging  on  the  slotted  metal  plane 
sheet  has  the  electric  vector  parallel  to  the  narrow  side  of  the 
slots,  the  equivalent  transmission  line  model  shown  in  Fig.  2  can 
be  used  to  represent  this  scattering  system.  In  the  transmission 
line  model,  the  effect  of  an  obstacle  will  be  to  cause  part  of  the 
impinging  energy  to  be  reflected.  Therefore,  the  reflection  by  the 
obstacle  at  a  certain  frequency  can  be  represented,  in  the  case  of 
lossless  obstacles,  by  a  shunt  susceptance,  B,  The  expressions  for 
equivalent  susceptance  of  periodically  slotted  metal  sheet  can  be 
found  elsewhere.  1x2  transmission  line  model  reflection  co¬ 

efficient,  and  transmissions  coefficient  can  then  be  calculated 
(Fig.  2). 
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I*ypical  cTirves  shewing  the  theoretical  transmission  coefficient  as 
a  function  of  normalized  frequency,  ka,  are  shown  in  Fig.  3* 
this  figure,  "k"  is  the  wave  number,  and  'a,"  "h,"  "c,"  and  "d"  are 
geometric  dimension  of  slots  as  shown  in  Fig.  1.  These  curves 
clearly  indicate  the  resonance  characteristics.  Total  resonance  — 
complete  cancellation  of  the  reflection  of  the  incident  wave  by  the 
metal  part  of  the  sheet  —  is  obtained  and  should  be  distinguished 
fraa  the  individual  slot  resonance  that  may  occur  at  a  wavelength 
approximately  equal  to  the  slot  circumference.  Theoretical  and 
measured  transmission  losses  of  slotted  metal  sheets  whose  geometri¬ 
cal  dimensions  are  a/b  -  2,  c/a  =  l/2,  d/b  =  l/3,  and  a  =  1.5  inches 
are  plotted  in  Fig.  4  for  normal  incidence.  Discrepancies  between 
these  two  curves  may  be  caused  by  mechanical  imperfection  of  the 
slots,  the  non-planar  incident  wave,  and  the  existence  of  hi^-order 
modes.  Transmission  characteristics  for  oblique  incidence  were  also 
measured  for  the  above-mentioned  sheets  (Fig.  5)»  effect  of 

wave  polarization  is  evident.  For  normal -polarized  waves  (E-vector 
normal  to  plane  of  incidence),  attenuation  increases  with  the  angle 
of  incidence.  For  parallel-polarized  waves,  the  attenuation  decreases 
as  the  angle  increases.  These  results  agree  with  the  theoretical 
prediction.  2,3 

The  simple  transmission  line  model  shown  in  Fig.  2  is  applicable  to 
a  system  in  which  the  medium  around  uhe  metal  sheet  is  uniform  and 
infinite  in  extent.  However,  in  practice,  the  slots  must  have 
dielectric  inserts  to  obtain  a  smooth  aerodynamic  surface.  Thus, 
the  transmission  line  model  must  be  modified  to  account  for  the 
dielectric,  as  shown  in  Fig.  6.  Here,  the  normalized’ characteristic 
admittance  of  free  space  is  Yq,  and  that  of  the  dielectric  is  Yi. 

The  electrical  lengths  of  dielectric  layers  on  each  side  are  repre¬ 
sented  by  and  The  susceptance,  B,  is  introduced  by  metal  sheet 
in  the  same  manner  as  before.  The  transmission  coefficient  of  this 
model  can  be  calculated  by  transmission  line  theory.  ^^5 

III.  FENESTRATED  METAL  PvADCMES 

Qhe  slotted  metal  plane  sheet  technique  was  applied  to  the  construc¬ 
tion  of  a  full-size  nose  radome  for  a  Boeing  707  aircraft.  The 
antenna  used  in  the  scanning  experiments  was  an  AVQ-10  weather  radar 
antenna.  As  the  AVQ-10  is  an  azimuthal-scanning,  horizontally  polar¬ 
ized  antenna,  the  slots  must  be  arranged  in  a  meridian-line  cen- 
figirration  so  that  the  electric  field  of  the  signal  is  parallel  to 
the  narrow  side  of  the  slot  at  all  usable  scan  angles  (Fig.  7). 

The  AVQ-10  weather  radar  was  mounted  inside  the  metal  radome  in  a 
position  exactly  as  it  would  be  in  a  707*  The  antenna  is  a  30-inch 
parabolic  dish,  operating  at  a  center  frequency  of  5«^Gc.  Radiation 
pattern  measurements  were  taken  with  the  parabolic  antenna  rotating 
on  its  azimuth  axis.  To  simulate  different  scan  angles,  j6,  the 
radone  was  tilted  to  the  desired  angle,  but  the  position  of  the 
aiitenna  was  not  changed. 
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For  ■fche  construction  of  a  smooth  metallic  copy  of  the  707  radome^  a 
production  radome  was  used  as  a  mandrel.  Masking-tape,  cut  to  the 
size  of  the  desired  slots,  was  stuck  on  the  outside  surface  of  tlie 
radome  arnl  was  spaced  in  a  meridian-line  configiiration.  Conducting 
silver  paint  was  applied  to  the  radome  until  microwave  transmission 
throu^  the  painted  radome  became  negligible  (below  40  db).  The 
tape  was  then  removed,  leaving  an  array  of  slots  (Fig.  8).  The 
same  radome  could  be  used  for  other  slot  dimensions  by  removing  the 
silver  paint,  applying  different  tape  sizes,  and  repainting. 

The  geometric  dimensions  used  for  the  radome  were  a/b  =  2,  c/a  = 

2/3,  and  d/b  =  1.  The  calculated  free-space  resonance  was  at  ka  = 
if.  55.  A  value  of  a  =  1.5  inches  was  chosen  to  account  for  the 
20-percent  resonance  frequency  reduction  caused  by  the  dielectric. 

The  radome  was  expected  to  operate  at  4.6Gc. 

Antenna  patterns  with  and  without  the  metal  radome  were  taken  at 
If.O,  4.25,  lf.5,  if.875,  5.0,  5.5  and  6.0  Gc  (Fig.  9).  The  frequency 
of  hipest  transmission  efficiency  between  4.5  and  4.875  Gc  agreed 
with  the  calcvdated  frequency  of  4.6  Gc.  Fig.  10  shows  the  antenna 
patterns  taken  at  4, 875  Gc  for  0° ,  10° ,  20° ,  30° »  40° ,  50°  f  70° » 
and  90°  scan-angles.  The  antenna  pattern  and  the  input  VSV7R  were 
not  appreciably  modified  by  the  radome j  hcwever,  the  transmission 
loss  was  about  I.3  db  at  4.875  Gc  for  all  scan-angles.  Some  of 
these  losses  were  caused  by  attenuation  in  the  dielectric. 

IV.  CONCLUSION 

A  promising  technique  has  been  developed  for  the  construction  of 
fenestrated  metal  radomes  that  are  transparent  to  microwaves. 

Becaiise  of  unavoidable  reflections  at  an  air-metal  interface,  even 
the  most  ingeniously  filligreed  metal  radome  will  not  become  per¬ 
fectly  transparent.  However,  a  predominantly  metal  radome  built  on 
these  principles  should  be  useful  in  supersonic  aircraft  and  in 
applications  where  strength  of  metal  and  microwave  transparency  are 
required.  It  is  estimated  that  such  a  slotted  metal  radome  will 
retain  50  percent  of  the  structural  integrity  of  the  solid  metal 
sheet;  however,  the  mechanical  strength  of  the  slotted  metal  was 
not  investigated.  If  a  high-strength-at-hi^-teraperature  alloy  is 
used,  metal  thicknesses  of  I/8  to  l/4  inch  should  be  sufficient  even 
at  Mach  2  or  Mach  3» 


I 

I 


3 


REFEEEWCES 


1.  E.  Kietiirtz  and  A.  Ishimaru,  "Scattering  by  a  Feriodically-Apertured 
Conducting  Screen" >  IRE  Trans*  AP’-9»  PP»  506-519^  November,  19d1. 

2.  C.  Chiou,  Fenestrated  Metal  Eadomes  for  Microwaves,  Boeing  Document 
D6-9034,  June,  1962. 

3.  L.  L.  Oh,  C.  D.  Lunden  and  C»  Chiou,  "Fenestrated  Metal  Eadomes", 
Microvave  Journal <  Vol.  7,  pp.  62-66,  April,  1964. 

4.  L.  Robinson,  Electrical  Properties  of  Metal -Loaded  Eadomes,  Stanford 
Research  Institute,  V7ADD  Tech.  Report  No.  60-64,  Februaiy,  i960. 


5.  Montgomery#  Dike,  and  Purcell,  Principles  of  Microwave  Circixits, 
McGraw-Hill 


B  "  onO 


T  [  n-  >"") 


_  lb  (.|:Nin»y 


_ ^  v;)  _l(" 


111 


Y  ■  sec  6 
o 


For  Wave  Polarized  Perpendicular  to  the  Plane  of  Incidence 

”  ”'1^. 


Ka  _  _  ^  . 

w(--^  *("^y  fey(')  ("  ^'"0 

V(  ~  ^ " f)  _ 


Y  -  cos  6 
o 

Reflection  and  Transmission  Coefficients  are  given  by 


2Yo  +  JB 


.2  ,  2 

t  -  I  -  r 


FIG.  2  -  TRANSMISSION  LINE  MODEL  FOR  SLOTTED  METAL  SHEET  IN  FREE  SPACE 
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FIG.  4  -  TRANSMISSION  LOSS  AS  A  FUNCTION  OF  FREQUENCY  (NORMAL  INCIDENCE) 
a/T)  =  2,  c/a  =  1/2,  d/o  =  1/3,  a  =  l~l/2  inches 


FIG.  5  -  MEASURED  TRANSMISSION  LOSS  AS  A  FUNCTION  OF  FREQUENCY  (OBLIQUE  INCIDENCE) 
a/b  =  2,  c/a  =  1/2,  d/b  =  1/3,  a  =  1-1/2  inches 
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ABCD  matrix  of  the  transmission  i ine  model  of  dielectric  covered  slotted  metai  sheet. 
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FIG.  6  -  TRANSMISSION  LINE  MODEL  OF  DIELECTRIC  -  COVERED  SLOTTED  METAL  SHEET. 
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FIG.  9  -  ANTENNA  PATTERNS  OF  THE  METAL  RADOME  TAKEN  AT  SEVERAL  FREQUENCIES 
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Antenna  Radone  -  Gratings  for  Conical  Scan  Systems 


INTRODUCTION 

The  results  reported  in  this  paper  ;/ere  performed  under  a  contract 
from  Sperry  Piedmont  Company  for  a  Navy  program  administered  by  the  Applied 
Physics  Lab  of  John  Hopkins*  Because  of  the  luiclassified  nature  of  this 
symposium,  certain  details  of  the  antennas  used  and  the  results  obtained 
are  omitted  from  this  presentation* 

The  requirement  for  a  polarization  grating  or  filter  originated  with 
acquisition  problems  xjhich  had  beer,  encountered  with  vertically  polarized 
conical-scan  radars*  In  these  antennas  power  modulation  is  employed  to 
reduce  low  angle  scatter  return*  The  result  of  this  type  of  modulation  is 
the  production  of  a  depressed  null  axis  v/hich  is  not  coincident  with  the 
axis  of  the  paraboloid  and  results  in  the  introduction  of  a  significant 
amount  of  cross  polarization  on  the  depressed  null  axis*  In  v/orking  \dLth  a 
target  v/hich  employs  an  antenna  which  is  nominally  circularly  polarized,  the 
modulation  of  the  cross  polarization  component  produced  a  shift  in  the  in¬ 
dicated  null  position  of  approximately  10  mils  from  the  true  null  or  bore- 
sight*  This  null  shift  v/as  a  function  of  the  departure  of  the  polarization 
of  the  target  .antenna  from  the  ideal  circular  condition  and  varied  vdth 
target  orientation  and  from  one  target  to  another* 

Since  redesign  of  the  target  antenna  was  not  an  acceptable  solution, 
one  alternative  v;as  the  suppression  of  the  cross  polarized  component  in  the 
radar  system  antenna*  VJhen  APL  sponsored  tests  vdth  a  breadboard  grating 
showed  a  substantial  decrease  in  boreslght  shift,  a  contract  was  awarded  to 
Sperry  IfiLcrowave  for  the  design,  development  and  subsequent  production  of 
polarization  gratings  capable  of  surviving  and  operating  in  a  shipboard 
environment. 
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PARABOLOID 


.  i.'iuv;  1  GRATING  CONFIGURATIONS  SCANNING 
ANTENNAS  ••A"  &  "B" 


In  this  paper  are  described  the  radome-grating  configurations  which 
were  developed  to  provide  dual  functions  of  environmental  protection  of  the 
antenna  and  rejection  of  the  orthogonally  polarized  conponent  of  the  signal* 
Primary  design  goals,  relative  merits  of  different  types  of  gratings  and  test 
results  are  discussed* 

The  gratings  were  designed  for  two  different  antenna  configurations 
which  were  similar  electrically  but  differed  in  reflector  contour  shape  due 
to  different  approaches  used  to  obtain  th?  desired  pattern  characteristics* 
The  grating  configurations  \ised  are  shown  schematically  in  Slide  Mo,  1,  The 
top  configuration  for  scanning  antenna  "A"  has  been  dubbed  the  "sarcophagus" 
for  obvious  reasons.  The  bottom  configuration  is  a  cylindrical  configuration 
for  a  standard  paraboloid.  These  configurations  will  be  discussed  in  more 
detail  later  in  the  talk* 

The  foHovdng  requirements  were  used  as  design  objectives  in  the  de¬ 
velopment  of  the  antenna  gratings 8 

•  30  db  rejection  of  the  component  of  incident  energy 
orthogonal  to  the  desired  polarization  orientation* 

•  First  sidelobe  of  antenna  and  grating  combination  to  be 
at  least  25  db  below  the  main  lobe* 

•  Modulation  slopes  of  the  antennas  without  grating  to 
remain  unchanged  upon  addition  of  grating* 

•  Requirement  of  3  l/2  degrees  of  power  modulation  to 
remain  unchanged  upon  addition  of  grating* 

•  Insertion  loss  not  to  exceed  l/2  db* 

•  VSWR  to  remain  within  original  antenna  specifications* 

•  Protection  of  the  projecting  feed  if  consistent  with 
the  other  objectives 

The  tendency  to  use  the  projecting  feed  for  a  handhold  when  climbing 
around  the  antenna  during  maintenance  made  the  last  objective  advisable* 


TBCHNICAI.  DISCUSSION 

In  investigating  methods  for  the  suppression  in  a  linearly  polarized 
system  of  energy  polarized  in  a  sense  orthogonal  to  the  desired  polarization, 
several  cc  nfigurctions  were  considered*  Included  in  these  were  a  grating  in^ 
tegral  nith  the  antenna  reflector.  All  of  these  configurations  utilize  the 


attemiation  and/or  reflecting  properties  of  a  parallel  plate  system  in  \daich 
the  plate  spacing  is  small  enough  to  be  in  the  cutoff .condition  for  energy 
whose  electric  vector  is  oriented  parallel  to  the  plate.  The  attenuation.  A, 
of  such  a  system  is  given  by  the  equation 

A  =  54,5  [l-(1VWo)^]"  ab  (1) 

In  tliis  equation,  ^  is  the  length  of  the  parallel  plates  in  the  direction  of 

propagation,  Wq  is  the  free  space  wavelength,  and  =  2a  is  the  cutoff  wave¬ 
length  vriiere  ^  is  the  plate  spacing. 

In  evaluating  the  relative  merits  of  the  different  configirrations,  the 
following  factors  v/ere  considered: 

•  Efficiency  of  Suppression 

•  Fabrication  Complexity 

•  Development  Time 

•  Over-all  Cost 

THE  FEED  GRATING 

In  tliis  configuration,  a  grating  is  placed  over  the  feed  unit  proper 
with  the  plates  oriented  normal  to  the  desired  sense  of  polarization.  For  the 
feed  configuration  used,  this  grating  would  be  in  two  sections  arranged  on 
either  side  of  the  circular  waveguide  input  to  the  unit  feed.  In  order  to 
achieve  the  desired  30  db  of  additional  isolation  for  the  undesired  polarization, 
a  plate  spacing,  of  one-fourth  wavelength  is  used  in  conjunction  with  a  plate 


length,  of  0,32  wavelength,  Substitution  of  these  values  in  equation 
(1 )  gives  a  value  of  30.2  for  the  resultant  attenaution. 

The  advantages  of  the  feed  grating  are  its  small  size,  ease  of  fabri¬ 
cation,  and  low  costs.  The  main  disadvantage  is  the  need  for  rebalance  of 
the  dynamic  system  due  to  the  additional  mass  at  the  end  of  the  feed.  In 
addition,  the  required  rejection  of  polarization  would  be  obtained  only  in 
the  feed  proper,  Instroduction  of  the  undesired  cross  polarization  con^Jonent 
from  irregularities  in  the  reflector  and  the  off-axis  location  of  the  feed 
point  inherent  in  the  scan  system  and  scattering  caused  by  the  feed  itself  in 
the  field  of  the  antenna  could  not  be  compensated  for  by  such  a  grating. 


GIATIKG  OVER  EITTIRE  APERTURE 

The  grating  over  the  entire  aperture  could  assume  any  of  four  config¬ 
urations.  ^he  first  is  a  plane  grating  over  the  aperture  and  in  a  plane  con¬ 
taining  the  antenna  periphery.  In  the  center  of  the  grating  a  circular  hole 
is  located  to  accomodate  the  v/aveguide  feed  structure.  The  second  configura¬ 
tion  is  a  plane  grating  located  beyond  the  feed  and  supported  by  a  cylindrical 
structure,  A  third  possibility  is  a  grating  v/ith  a  conical  configuration  at¬ 
tached  at  the  antenna  periphery  and  encompassing  the  feed  structure.  Finally, 
there  is  the  grating  v;ith  a  hemispherical  configuration  attached  at  the  antenna 
periphery  and  encompassing  the  feed.  In  all  cases,  the  plates  are  oriented 
normal  to  the  desired  polarization  and  spaced  approximately  one-fourth  wave¬ 
length. 

Discussion  of  these  configurations  v;ili  be  limited  to  the  final  three 
configurations, 

PLAIIE  GRATING  BEIOND  FEED  UIJIT 

This  configuration  utilizes  a  plane  grating  supported  by  a  cylindrical 
shell,  ^he  grating  consists  of  a  series  of  strai^t  parallel  aluminum  plates 


spaced  a"'pro:d.ra:ttely  ore-foi’xth  v/avelength  apart  amd  supported  in  a  slotted 
styrofoam  stnicture,  ^he  entire  structure  is  covered  vdth  a  thin  epoxy-fiber 
glass  laminate  for  mechanical  protection  and  for  strength  forming  a  cylindrical 
structure  a;'proximately  2  inches  thick. 

As  a  support  for  this  grating  assembly  a  cylindrical  shell  is  used. 

This  shel3.  consists  of  styrofoam  cores  sandwiched  between  two  layers  of  epoxy¬ 
fiber  glass  laminate.  The  shell  is  bonded  by  epoxy  to  the  grating  structure 
and  fastened  mechanically  to  the  periphery  of  the  paraboloid. 

The  configurations  which  result  from  the  combiioation  of  grating  and 
support  for  scanning  antennas  "A"  and  "B"  were  shown  in  Slide  No.  1. 

CONICAL  GRATING 

The  conical  grating  configuration  shown  in  Slide  2  consists  of  a  series 
of  parallel  plates  spaced  one-fourth  wavelength  and  supported  in  a  styrofoam 
stru.cture  reinforced  with  epoxy-fiber  glass  laminate.  Since  the  plates  are 
parallel  to  the  axis  of  the  cone,  they  will  have  a  hyperbolic  contour  in  the 
elevation  plane.  The  feed  is  contained  vdthin  the  boundaries  of  the  cone  which 
is  fastened  at  its  base  to  the  paraboloid. 

The  effective  length,  1^,  of  a  grating  composed  of  parallel  plates  in 
a  conical  configuration  is  given  by  the  equation 

=  d  -a  tan  0  (2) 

In  this  equation,  is  the  length  of  the  plates  in  the  direction  of  propagation 
is  the  spacing  betvr  en  the  plates,  and  Q  is  the  angle  between  the  plane  of  the 
antenna  aperture  and  the  side  of  the  cone. 

From  equation  (2),  it  is  evident  that  the  required  plate  length  ^  is 
given  by  the  equation 


d 


1^  +a  tan  0 
0 


(3) 


Since  the  sane  effective  plate  length,  0*32Wq,  and  spacing,  0*25Wg 
\:ould  be  required  for  the  conical  grating  as  for  the  plane  grating,  the  re¬ 
quired  plate  length  is  then 

d  =  +  a  tan  C  =  Wjj  [o.32  +  0,25  tan  c]  (4) 

In  order  to  encornass  the  feed  structure,  the  value  of  Q  is  approx¬ 
imately  33°,  then 

d  =  Wq  [o.32  +  0.25  tan  ©]  =  0.46  (5) 

HQ-HSHIERICAL  GRATING 

The  hemispherical  grating  would  be  composed  of  a  series  of  metal  plates 
parallel  to  the  axis  of  the  paraboloid  and  to  one  another.  These  plates  would 
have  a  circular  contour  and  be  supported  in  a  styrofoam  strucurc  v/hich  would  be 
reinforced  \;ith  an  epoxy-fiber  glass  laminate.  As  in  the  case  of  the  conical 
grating,  the  base  of  the  hemisphere  would  be  fastened  to  the  periphery  of  the 
paraboloid, 

THE  gr;,tikg  s  REFLECTCE 

The  integral  type  of  grating  consists  of  a  reflector  composed  of  a  system 
of  parallel  plates  ’./hose  inner  configuration  is  paraboloidal.  The  plates  in 
this  type  of  grating  \/ould  be  arranged  parallel  to  the  desired  sense  of  polariza¬ 
tion  v/hich  world  be  essentially  completely  reflected.  The  vmdesired  orthogonal 
polarization  \/ou]d  be  transmitted  through  the  grating.  In  order  to  prevent  re¬ 
flection  and  retransmission  of  this  component  back  through  the  grating,  a  hi^ly 
efficient  absorber  would  be  located  behind  the  grating  reflector, 

CHARACTERISTICS  OF  GRATINGS 

In  comp'-.ring  the  relative  merits  of  the  grating  configurations  discussed 
in  previous  sections,  the  chief  factors  involved  were  suppression  effeciency, 
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fabrication  complexity,  develo’^mcnt  time  and  overall  cost. 

The  advai'ita^es  of  the  plane  ^r-'ting  over  the  aperture  and  in  the  plane 
of  the  aperture  are  the  sirqjlicity  of  structure  and  the  relative  ease  of 
mounting.  Cross  polarization  components  originating  in  the  paraboloid  itself 
are  virtually  eliminated  by  this  configuration.  The  disadvantages  are  pri¬ 
marily  electrical.  The  cross  polarization  coTigjonent  originating  in  the  feed 
is  almost  completely  reflected  by  the  grating  and  will  appear  in  the  far  field 
as  \dll  the  cross  polarisation  component  caused  by  scattering  from  the  feed 
itself. 

The  plane  grating  over  the  aperture  and  outside  the  plane  of  the  feed 
has  the  advantage  that  all  cross  polarization  components  regardless  of  origin 
must  pass  through  and  be  attenuated  by  tl:e  grating.  In  addition,  the  config- 
uTation  in  itself  is  relatively  single  to  construct  and  provides  protection 
for  the  feed.  The  disadvantage  lies  in  the  somev/hat  lower  inherent  strength 
of  the  required  mounting  structure  as  compared  to  the  other  structi’.res  con^ 
sidered. 

The  conical  grating  configuration  has  the  same  electrical  advantages  as 
the  plane  grating  over  the  aperture  and  outside  the  plane  of  the  feed  horn.  In 
addition,  it  is  inherently  a  stronger  and  more  rigid  structure  than  the  plane 
grating  and  \/ould  be  more  easily  mounted.  The  primary  disadvantage  is  the  con>- 
plexity  of  fabric.)  tior  compared  to  the  plane  grating  structure. 

The  heinispheric.'al  grating  configuration  has  the  same  electrical  advan¬ 
tages  as  the  plane  grating  outside  the  feed*  horn  plane  and  the  conical  grating. 
It  is  someviiat  stronger  thar  the  conical  grating  and  would  be  as  easily  mounted. 
The  fabrication  comnloxity  is  somev/hat  less  than  that  of  the  conical  grating 
because  of  the  circular  contour  of  the  parallel  nlates  as  compared  to  hyperbolic 
contour  of  the  plates  in  the  conical  grating.  However,  as  compared  to  the  plane 
gr.atlng,  fabrication  still  presents  rather  difficult  problems. 
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The  advantages  of  the  integral  grating-reflector  structure  are  the 
cojnbir.-  tion  of  the  reflector  and  grating  into  one  compact  unit  and  the  virtual 
elim5r..!tion  of  the  cross-polarization  present  in  the  antenna  feed.  The  ditsad- 
vantages  are  several.  In  the  first  place,  cross-polarization  resulting  from 
scattering  by  the  feed  of  energy  reflected  from  the  parabolid  would  be  unaffected 
by  this  grating.  In  addition,  the  cross-polarization  cmponent  resulting  from. 
the  offset  position  of  the  feed  in  scanning  and  the  curvature  of  the  reflector 
would  likeidse  be  unaffected.  Prom  a  fabrication  standpoint,  the  grating-reflec¬ 
tor  presents  rather  complex  fabrication  problems  and  would  also  necessitate  the 
scrapping  of  the  existing  antenna  structures. 

SELECTED  (PvATING  COrTIGDRATIOKS 

At  the  beginning  of  the  development  pro, gram  for  the  antenna  grating,  the 
most  suitable  configuration  from  both  electrical  and  mechanica].  standpoints  seemed 
to  be  the  hemispherical  structure.  However,  earl^y  in  the  program,  the  problems 
envisaged  in  the  fabrication  of  this  configaration  did  not  lesson  in  difficulty 
after  closer  examination.  Tt  also  became  apparent  that  essentially  the  same 
problems  v/opld  be  enco\mtered  in  su-ccessive  fabrications  so  the  production  units 
would  not  be  significantly  easier  to  fabricate  or  less  expensive  than  •che  proto¬ 
type.  The  sane  conclusion  was  reached  for  the  conical  structiire*  At  this  point 
the  simplicity  involved  in  the  design  of  a  plane  grating  appeared  even  more 
attractive  than  it  did  originally  since  the  use  of  cylindrical  support  structure 
provided  adequate  strength  for  the  overall  configuration.  In  view  of  these  con¬ 
siderations,  the  plane  grating  beyond  the  aperture  was  selected  for  scanning 
antenna  ”A"  ;;ith  the  final  configuration  a'^pearing  as  shoxm  in  the  upper  figure 
of  Slide  3.  The  initial  results  achieved  vdth  this  configuration  led  to  adopting 
the  same  type  for  antenna  ”3"  particularly  in  view  of  the  symmetry  of  the  antenna 
itself.  The  final  configuration  for  this  system  is  sho\ni  in  the  lower  figure  in 
Slide  3. 
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In  both  £p:*atinf;s,  a  canter  to  center  pl-ite  spacing  of  l/2”  v;as 
einplo3'‘ed  \;ith  a  pl  ite  tliicknocs  of  0*020”  thus  providing  a  nominal  guide 
i.ddth  of  0,4J^0”,  A  plate  depth  of  3/4**  was  employed  in  both  gratings*  Utili¬ 
zing  these  figures  in  eqi'r.tion  (1),  a  minimum  attenuation  of  37  db  is  obtained 
at  the  lov;  fronuency  end  of  the  band*  ^e  grating  construction  is  sho^m  in 
cross  section  in  Slide  4« 

TEST  SET  UP 

The  test  set-up  for  the  grating  measurements  ira.s  much  more  critical 
than  for  conventional  antei;na  measurements  due  to  the  lov;  level  of  the  cross 
polarization  component  to  be  measured*  A  portion  of  the  test  set  up  was  evolved 
dviring  the  first  stages  of  testing  as  extraneous  soiu:*ces  of  radiation  became 
apparent.  One  such  source  v;as  the  power  source  itself  located  at  the  foot  of 
the  transmitting  tov/er.  Shielding  of  this  entire  unit  v;as  required  to  prevent 
crocs  polarization  picloip* 

A  second  major  source  of  interference  at  levels  of  measurement  45  db  or 
more  below  the  main  lobe  pea’:  v;as  ground  reflection  from  the  antenna  sidelobe 
structure*  This  interference  was  eliminated  by  the  use  of  metallic  fences  at 
several  points  along  the  ground  on  a  plane  containing  the  axes  of  transmitting 
and  receiving  antennas, 

TEST  HIOGRAM 

The  ter-t  urogram  consl.ctod  of  the  eva3u?vtior.  of  the  antenna  pattern 
characteristics  for  both  dominant  and  cross  polarizations,  measurement  of  mod¬ 
ulation  elopes  and  VSWR  and  neas^irement  of  boresight  shift  with  various  test 
antennas* 

The  evaluation  of  antenna  patterns  for  the  dominant  polarization,  measure¬ 
ment  of  modulation  slopes  and  VS’.H  v;ere  of  secondary  importance  to  the  evaluation 
of  cross  polarization  characteristics  and  the  boresi{^t  shift  measurements. 


GRATING  FEED 


Figure  3  GRATING  CONFIGURATIONS  SCANNING 
ANTENNAS "A" &  "B" 
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CONSTRUCTION  DETAILS  OF  GRATINGS 


There  measurements  v.'cre  required,  hov/ever,  to  assure  that  the  basic  antenna 
characteristics  viere  not  adversely  affected  by  the  addition  of  the  grating* 

For  this  reason  the  measurements  relating  to  these  characteristics  will  not 
be  discussed.  For  clarification  of  the  terms  involved  in  the  discussion,  a 
typical  pattern  ret  is  shown  in  Slide  5* 

The  tv;o  solid  curves  are  elevation  patterns  obtained  for  the  feed  in 
the  up  or  270^  position  and  in  the  down  or  90®  position*  These  patterns  form 
the  normal  vortical  crossover  pattern  vdth  the  crossover  point  located  on  the 
antenna  axis,  A  simiLir  set  of  patterns  is  obtained  in  the  horizontal  plane* 
The  dashed  pattern  represents  the  lov/er  beam  when  power  modulation  is  applied 
to  produ.ce  a  null  depressed  below  the  antenna  axis.  The  term  modulation  slope 
referes  to  the  difference  in  level  betvreen  the  upper  and  lov;er  beams  at  any 
angle  off  either  the  normal  crossover  axis  or  the  depressed  null  axis* 

TEST  RESULTS 

Initia]  laboratory  measurements  of  a  prototype  grating  shov/ed  an  atten¬ 
uation  of  a-  proximately  3^  db  at  the  center  frequency  vdth  the  plates  oriented 
parallel  to  the  incident  E  vector.  The  first  range  measurements  made  shovied 
the  same  attenuation  vdien  working  v/ith  the  dominant  ploarization,  Hovrever,  when 
working  vdth  the  cross  polarized  component,  the  expected  composite  axial  ratio 
of  grating  and  antenna  v;as  not  realized* 

Tjqjical  plots  of  the  cross  polarisation  component  in  the  vicinity  of  the 
depressed  null  axis  vdth  and  without  grating  are  shovm  in  Slide  6*  These  plots 
were  taken  vdth  the  feed  rotating  in  order  to  provide  an  average  value  of  the 
cross  polarization  component  through  the  scan  cycle.  The  most  notable  improve¬ 
ment  in  polarization  characteristics  cccurrs  off  axis  at  the  peaks  of  the  cross 
polarization  lobes,  Tho  relative  y  small  improvement  of  9  db  in  the  cross 
polarization  ratio  on  axis  v;as  later  found  to  be  due  to  a  combination  of  leakage 
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around  the  transnission  gratinj  and  leakage  in  the  waveguide  output  of  the 
antenna  under  test,  However,  a  much  more  important  characteristic  in  evalua¬ 
tion  of  the  grating  performance  was  the  amount  of  boresi^t  shift  with  and 
\d.thout  the  grating.  The  renjlts  of  the  measurements  made  of  this  character¬ 
istic  are  shovm  in  Slide  7,  A  waveguide  horn  antenna  was  used  for  the  refer¬ 
ence  standard.  Two  different  types  of  target  antennas  were  compared  to  this 
standard.  The  first  antenna  \ta.s  a  pair  of  crossed  dipoles  in  a  t3^ical  in¬ 
stallation  mock-up.  The  second  was  a  helical  antenna  also  installed  in  a 
typical  mock-up.  The  departure  of  the  helical  antenna  characteristics  from 
the  ideal  circularly  polarized  antenna  is  indicated  by  the  change  in  boresi^t 
readings  with  antenna  rotation  when  no  grating  was  installed  on  the  test  anteraia. 
The  degree  of  effectiveness  of  the  grating  may  be  judged  from  the  fact  that  no 
measurable  bore sight  shift  could  be  observed  vri-th  the  grating  in  place  for 
either  the  crossed  dipoles  or  for  the  helix  in  any  orientation.  These  readings 
were  obtained  before  the  polarization  leakage  problem  had  been  corrected.  It 
is  obvious,  however,  that  no  improvement  in  boresi^t  shift  reduction  could  be 
expected  over  that  shown  in  this  slide. 

In  summarizing^  the  fundamental  objective  of  the  program,  virtual  elimina¬ 
tion  of  boresight  shift  was  attained.  In  accomplishing  this  objective,  the 
sidelobe  level  of  the  antenna-grating  combir-ation  was  increased  slightly  over 
the  frequency  band  but  remained  below  the  design  goal  level.  Grating  insertion 
loss  and  VSWR  were  less  than  the  design  goals  specified.  In  addition,  protection 
of  the  viTlnerable  feed  was  provided  by  the  radome-grating  configuration. 

Shipboard  tests  of  the  antenna-grating  combinations  developed  on  this 
program  showed  that  target  acquisition  was  much  more  readily  accomplished  with 
the  modified  units. 
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CONICAL  SCANNING  ANTENNA  "A" 

BORESIGHT  SHIFT  MEASUREMENTS 

DYNAMIC-FEED  NUTATING  AT  DEPRESSED  NULL 

WITH  GRATING  W.  G. 

PROTOTYPE 

WITHOUT  GRATING  W.  O.  G 

TABLE  -  V 

CAPTURE  ANTENNA  SETTING 

CENTER  FREQ. 

WITHOUT  GRATING 

WITH  GRATING 

ANTENNA 

ORIENTATION 

AZIMUTH 

ELEVATION 

AZIMUTH 

ELEVATION 

WAVEGUIDE  HORN 

E  PLANE 

flO 

0° 

0° 

0° 

VERTICAL 

CROSSED  DIPOLES 

IN  TARGET 
ASSEMBLY 

0.3°CW 

0. 1°UP 

0° 

0° 

HELIX 

•  0° 

0° 

0° 

0° 

0° 

•15° 

0.6°CW 

0. 2°UP 

0° 

0° 

o 

o 

0.3°CW 

0. 1°UP 

0° 

0° 

155° 

0. 1°CW 

0° 

0° 

0° 

o 

o 

x> 

0.  25°CW 

0° 

0° 

0° 

225° 

0,  3°CW 

0° 

0° 

0° 

270° 

0, 5°CW 

0. 1°UP 

0° 

0° 

HELIX 

;’1.>° 

0. 4°CW 

0° 

0° 

0° 

0 

•  0  Setlin>{  Corresponds  to  Vertical  Orientation  of  the  Input  End  of  the  l^iral 

UP-  Antenna  Beam  Elevated 

C.W  -  Antenna  Beam  Rotated  Clockwise 

Figure  7  BORESIGHT  SHIFT  MEASUREMENTS 
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WIDE  BAND  ECM  RADOMES  ON  HIGH  PERFORMANCE  AIRCRAFT 

by 

J,  F,  Harder/  W.  P.  Guarino 
Grumman  Aircraft  Engineering  Corp. 

Bethpage,  New  York 


INTRODUCTION 


Grumman  has  recently  completed  a  radome  program  for  housing,  sophisticated, 
wide-band  system  antennas  on  a  modified  production  airplane.  This  paper  traces  the 
development  of  the  complex  radome  program  throu^  the  successive  {diases  of  concept, 
design,  fabrication  and  test.  The  radomes  designed  and  manufactured  for  this  program 
are  the  result  of  an  application  of  the  theoretical,  computer  optimization  techniques 
presented  at  the  1962  O.  S.  U.  sjrmposium.  The  severe  confrontation  of  structural/ 
aerodynamic/  and  electronic  problems  encountered  on  this  prograim  and  hi^li^ted 
in  this  paper  serves  to  emphasize  the  need  for  parallel  development  of  systems  and 
materials  for  airborne  applications. 

CONCEPT:  Modification  Of  A  Production  Airplane 

A  production  airplane  was  modified  for  installation  of  a  complement  of  so¬ 
phisticated  electronic  equipment.  The  modifications  to  tbe  airframe  included  lengthen¬ 
ing  the  fuselage  eight  inches  to  obtain  additional  space  for  equipment  compartments 
and  a  complete  redesign  of  the  wing  and  vertical  fin  structure  to  accept  the  mounting 
of  large  pod  shaped  radomes. 

Three  pods  were  required  to  house  externally  mounted,  large  form  factor, 
antenna  systems  which  were  designed  to  have  360  degrees,  azimuthal  coverage.  The 
radome  pods  were  located  under  each  wing  and  the  third,  on  top  of  the  vertical  fin. 

Each  of  these  pod  radomes  had  to  be  designed  to  pass  a  broad  spectrum  of  electro¬ 
magnetic  energy  within  severely  restraining  structural  and  aerodynamic  requirements. 

The  shape  and  dimensions  of  the  left  and  right  wing  pod  radomes  were  made 
identical  to  assure  aerodynamic  stability;  while  the  shape  selected  for  the  fin  radome 
had  to  maintain  the  control  stability  and  effectiveness  of  the  rudder.  The  basic  pro¬ 
duction  airplane  is  shown  in  Figure  (1).  Figure  (2)  shows  the  airplane  after  all  modi¬ 
fications  have  been  completed  and  the  pod  radomes  have  been  installed. 

RADOME  SHAPE:  Aerodynamic  Smoothness  and  Stability 

The  size  and  shapes  of  the  radomes  were  greatly  influenced  by  the  antenna 
form  factor,  space  required  for  accessory  equipment  and  the  streamlining  required 
to  assure  compliance  with  the  performance  profile  of  the  airplane.  Preliminary 
layouts  of  the  radomes  were  contoured  closely  around  the  swept  volume  of  the  system 
antennas.  These  preliminary  shapes  were  compatible  with  the  electrical  design  param¬ 
eters  required  to  achieve  a  hi^  performance  radome  and  were  subsequently  sub¬ 
jected  to  wind  tunnel  tests  at  the  Cornell  Aerodjnmmics  Laboratory.  The  results 
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of  these  tests  showed  that  these  somewhat  short,  blunt  shaped  radomes  would  induce 
severe  drag,  buffetii^  and  separation. 

Successive  modifications  of  the  shapes  were  made  and  tried  in  the  wind  tunnel 
until  a  wing  pod  and  fin  pod  were  obtained  wMch  nullified  the  adverse  aerodynamic 
effects  previously  encountered.  Primarily,  the  shape  change  involved  additional 
streamlining  of  the  fore  and  aft  sections  of  each  pod.  This  streamlining  of  the  wing 
pods  was  sui^lemented  by  the  use  of  weapon  carrier  pylon  >  for  attaching  to  the 
airplane  to  minimize  airflow  perturbations  over  the  wing.  A  comparison  of  the 
preliminary  and  finalized  shapes  of  the  fin  and  wing  pad  radomes  are  presented  in 
Figures  (3)  and  (4)  respectively.  The  radomes  for  the  wing  installation  are  12  feet 
long,  tear  drop  shaped  pods;  the  vertical  fin  radome  is  a  contoured  airfoil,  8  feet 
ii\  length. 

RADOME  DESIGN  STUDIES:  Structural  Limitations  of  the  Sandwich  Design 

Preliminary  electrical  design  studies  indicated  that  an  "A"  sandwich  design 
could  be  used  for  these  radomes  provided  the  skin  and  core  thicknesses  required  for 
a  satisfactory  level  of  electrical  performance  were  compatible  with  the  strength 
requirements.  If  this  condition  could  not  be  satisfied,  a  multilayer  design  would 
be  necessary. 

Typical  thickness  values  for  skins  and  cores  were  determined  from  flat 
panel  transmission  data.  Representative  flat  panel  samples  of  ’’A”  sandwich  and 
multilayer  configurations  were  provided  for  structural  analysis  and  static  test  for 
determining  the  physical  properties.  This  information,  together  with  flight  load 
data  derived  from  the  "parent"  aircraft  program  were  thorou^y  analyzed  to  de¬ 
termine  the  cross-sectional  beam  thickness  dimension  for  the  radomes. 

The  results  of  this  stress  analysis  showed  that  thick  skins  and  cores  would 
be  required  for  an  "A"  sandwich  construction.  These  skin  and  core  dimensions 
could  be  satisfactorily  adjusted  for  an  "A"  sandwich  configuration  for  only  the  left 
wing  pod  radome  because  of  its  comparatively  lower  frequency  of  operation.  A 
multilayer  electrical  design  was  mandatory  for  both  the  vertical  fin  radome  and  the 
right  wing  pod  radome. 

A  continuing  stress  analysis  of  the  strength  requirements  showed  that  to 
maintain  the  structural  beam  stability  with  a  multilayer  construction  a  minimum 
total  thickness  of  0. 700  inch  would  be  needed  for  the  wing  pod  and  a  minimum  total 
thickness  of  1.000  inch  would  be  needed  for  the  fin  pod.  Additionally,  to  assure 
adequate  skin  to  core  bond  strength  an  epoi^  film  adhesive  would  be  required  be¬ 
tween  the  inner-most  and  outer-most  interfaces. 

ELECTRICAL  DESIGN:  Multilayer  Optimization  Techniques 

The  radome  design  philosophy  was  based  on  the  classical  techniques  for 
"A"  sandwich  and  multilayer  walls  described  in  references  (a),  (b),  (c),  and  (d). 

These  techniques  were  supplemented  with  the  computer  optimization  programs  of 
reference  (e)  and  permitt^  the  selection  of  a  final  wall  configuration  which  would 
provide  satisfactory  electrical  performance  within  the  boundaries  established  to 
maintain  the  structural  integrity  throughout  the  flight  profile  of  the  airplane. 
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As  part  of  the  electrical  design  a  ray  analysis  was  performed  to  determine 
the  incidence  and  polarization  angles  of  the  impinging  energy  using  geometric  optics 
techniques  described  in  the  references.  During  this  study,  complete  illumination  of 
the  radome  surface  was  acconq>lished  analytically  by  investigating  a  series  of  dis¬ 
crete  antenna/ radome  orientations  or  "looks'*  traversing  360  degrees  in  azimuth. 

Equations  for  each  radome  were  readily  defined  since  the  shapes  were 
established  by  conic  lofting  methods;  therefore,  this  ray  analysis  and  the  subsequent 
transmission  evaluation  were  performed  completely  by  programming  (f)  a  hi^  speed 
digital  computer. 

Using  the  results  of  the  incidence  angle  study  as  input  data,  the  power  trans¬ 
mission  coefficients  for  each  ray  is  computed  as  a  function  of  the  angle  of  incidence, 
the  angle  of  polarization,  the  frequency,  and  the  electrical  parameters  of  the  materials. 
The  efficiency  of  the  radome  is  determined  by  a  weighted  averaging  of  all  computed 
transmission  data. 

These  theoretical  studies  were  continued  for  each  radome  using  the  structural 
dimensions  as  boundary  conditions  on  the  optimization  programs.  For  the  fin  pod  and 
ri^t  wing  pod  radomes,  multilayer  walls  of  five  to  fifteeen  layers,  symmetrically  and 
asymmetrically  configured  were  analyzed,  while  several  "A"  sandwich  walls  were 
evaluated  for  the  left  wing  pod  radome  to  obtain  a  design  that  would  comply  with  the 
electrical  requirements.  As  an  integral  part  of  the  design  studies,  the  neoprene 
coating  used  for  rain  erosion  protection  was  considered  as  a  separate  layer  of  0. 010 
inch  nominal  thickness. 

The  results  of  this  extensive  design  investigation  showed  that  the  following 
configurations  offered  a  compatible  solution  to  the  structural  and  electronic  require¬ 
ments. 


(a)  The  Left  Wing  Pod  Radome  -  (Shown  in  Figure  5)  A  symmetrically  con¬ 
figured  three  layer  or  "A"  sandwich  wall  of  solid  laminate  interfaces  ("skins")  inter¬ 
spaced  by  nylon  phenolic  honeycomb  core.  Total  thickness  of  this  radome  is  0. 700 
inch. 


(b)  The  Vertical  Fin  Radome  -  (Shown  in  Figure  6).  A  symmetrically  con¬ 
figured  seven  layer  sandwich  of  four  solid  laminate  interfaces  interspaced  by  &ree 
cores  of  nylon  phenolic  honeycomb,  for  a  total  thickness  of  1. 000  inch. 

(c)  The  Right  Wing  Pod  Radome  -  (Shown  in  Figure  7)  A  symmetrically  con¬ 
figured  eleven  layer  sandwich  of  six  solid  laminate  interfaces  interspaced  by  five 
cores  of  nylon  phenolic  honeycomb,  for  a  total  thickness  of  0. 700  inch. 

Figures  8  and  9  present,  for  the  "A"  sandwich  radome,  the  power  trans¬ 
mission  as  a  function  of  frequency  for  perpendicular  and  parallel  polarization  with 
angle  of  incidence  as  a  parameter.  Similar  data  are  presented  in  Figures  10  through 
13  for  the  multilayer  fin  pod  and  right  wing  pod  radomes.  To  illustrate  the  results 
obtained  from  the  transmission  programs,  Figures  14 and  15  are  presented  to  show 
the  total,  weighted  average  transmission  obtained  from  the  computer  optimization 
program  for  the  right  wing  pod  radome. 
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MANUFACTURING:  Female  Molds,  Pre-In4>re9iated  Glass  Cloth.  Nylon  Phenolic 

Honeycomb 

With  the  design  firmed,  processing  and  fabrication  methods  for  making  the 
radomes  were  established.  The  radomes  were  manufactured  in  female  molds;  the 
wing  pod  radomes  were  made  in  the  mold  shown  in  Figure  16  while  the  fin  pod  was 
made  in  the  mold  shown  in  Figure  17.  An  epo3Qr,  preimpregnated  glass  cloth  (S)  was 
used  for  the  "skins"  with  3/16  inch  cell  size,  preformed,  nylon  phenolic  hoimycomb 
material  (^)  used  for  the  cores.  A  section  of  this  preformed  core  installed  in  the 
nose  section  of  the  ri^t  wing  pod  radome  is  shown  in  Figure  18. 

A  film  adhesive  was  used  to  assure  adequate  peel  strength  at  the  inner¬ 
most  and  outer-most  skin/core  interfaces.  Additionally,  all  inner  layer,  skin/core 
interfaces  of  the  two  multilayer  radomes  were  roller  coated  with  a  liquid  epojty  ad¬ 
hesive  0)  to  improve  bond  strengths. 

The  outer  skin  was  prepared  in  the  mold  using  the  preimpregnated  glass 
fabric.  A  "bag"  was  sealed  in  place  over  toe  "skins"  preparatory  to  drawing  vacuum 
pressure.  The  entire  mold  was  then  put  in  the  autoclave  for  additional  pressure  duiii^ 
the  cure  cycle. 

This  step  in  the  processing  of  the  fin  radome  is  shown  in  Figure  19;  the  "bag" 
is  being  sealed  while  the  mold  sits  on  the  platen  of  the  autoclave.  Tte  platen  and  the 
mold  are  rolled  into  the  clave  for  the  complete  cure  cycle.  After  cure  this  outer 
skin  was  scuff  sanded  and  cleaned. 

For  toe  "A"  sandwich  radome  only  a  two  step  molding  process  was  required 
to  conplete  the  part.  A  layer  of  film  adhesive  was  ^plied  on  the  cured,  outer  skin 
and  toe  core  set  in  place.  Over  the  exposed  core,  a  lig^ht  roller  coat  of  the  liquid 
adhesive  was  applied  and  toe  second  or  inner  "skin"  laid  in  place.  After  completing 
the  lay  up  of  the  inner  skin,  the  b£^  was  sealed  and  a  vacuum  drawn.  Final  cure 
was  under  vacuum  in  the  pressure  environment  of  the  autoclave. 

For  the  critical  multilayer  radomes  a  more  repetitious  molding  process 
was  required.  After  scuff  sanding  and  cleaning  toe  first  or  outer  layer,  the  film 
adhesive  was  applied  and  toe  first  layer  of  core  W£U3  set  in  place.  A  bag  was  sealed 
over  the  core  this  first  layer  was  cured  only  under  vacuum  pressure  in  an  oven. 
The  cured,  first  layer  of  core  in  the  ri^t  pod  radome  is  shown  in  Figure  20. 

After  cure,  a  roller  coat  of  the  liquid  adhesive  was  applied  over  toe  exposed 
core.  The  second  layer  of  skins  were  prepared  and  laid,  wrinkle  free,  on  toe  core. 

A  coat  of  the  liquid  adhesive  was  appli^  on  tlm  cloth  and  toe  second  layer  of  core 
was  set  in  place.  The  part  was  then  sealed  with  a  bag,  evacuated  and  placed  in  the 
autoclave  to  complete  the  cure  cycle.  These  steps  were  repeated  for  toe  seccessive 
inner  layers  of  skins  and  cores.  The  final  step  in  the  molding  process  was  the  lay 
up  and  cure  of  the  inner  skin. 

Figures  21  and  22  are  photographs  of  the  rig^t  wing  pod  radome  and  fin  pod 
radome  after  the  processing  has  been  completed.  The  discontinuity  in  the  shape  of 
the  aft  section  of  the  fin  radome  is  most  evident  in  Figure  22. 
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Upon  completion  of  the  molding  process ,  the  radomes  were  trimmed  at  the  attach 
edge  for  subsequent  mating  to  the  airframe.  The  nose  section  of  each  radome  was  sprayed 
with  a  coating  of  neoprene  material  for  rain  erosion  protection.  An  acrylic  paint 
system  was  used  to  finish  each  radome  in  a  color  scheme  to  match  the  airplane. 

Figure  23  shows  the  finished  radomes  installed  on  the  airplane.  Prior  to  this  in¬ 
stallation  on  the  airplane,  the  radomes  were  subjected  to  electrical  qualification  tests. 

ELECTRICAL  TESTS:  Transmission,  Static  and  Dynamic  Patterns  - 

In  addition  to  the  standard  electrical  qualification  tests  delineated  in  MIL-R- 
7 705 A  (ASG)  for  broad-band.  Type  HI,  radomes,  static  and  d5mamic  antenna  patterns 
were  recorded  to  demonstrate  full  compliance  with  system  requirements. 

The  transmission  test  procedures  outlined  in  the  military  specification  re¬ 
quires  the  use  of  the  sytem  antenna  and  tuning  the  receiving  plumbing  to  a  VSWR  of 
aiq[)roximately  1. 04.  This  close  match  on  the  system  antenna  assures  recording 
accurate  and  valid  radome  transmission  data.  With  wide  band,  receiving  antennas 
a  VSWR  of  1. 04  is  usually  not  attainable.  A  VSWR  characteristic  of  5:1  is  typical 
for  these  complex  antenna  systems.  As  a  consequence  of  this  high  VSWR  charac¬ 
teristic,  measuring  the  transmission  efficiency  of  a  bro£id-band  radome  in  accordance 
with  the  military  specification  procedures  results  in  extremely  erratic  results.  The 
data  record  is  characterized  by  an  oscillating  curve  of  the  apparent  transmission  of 
the  radome.  The  magnitude  of  this  oscillation  often  exceeds  the  reference  power 
level.  This  phenomenon  is  the  result  of  complex  changes  occurring  to  the  VSWR  of  the 
antenna  as  a  consequence  of  the  interaction  of  the  radome/antenna  combination.  Data 
recorded  under  these  conditions  are  not  representative  of  the  actual  microwave  trans¬ 
mission  efficiency  of  the  radome  wall. 

To  assure  an  accurate  and  valid  evaluation  of  the  transmission  efficiency  of 
these  radomes,  standard  gain  horns  were  substituted,  where  feasible,  for  the  system 
antenna.  The  horn  was  located  in  the  radome  in  a  position  identical  to  that  of  the 
system  antenna.  With  a  standard  gain  horn  a  VSWR  match  of  1. 04  could  be  achieved, 
and  transmission  data  truly  indicative  of  the  radome  wall  could  be  measured. 

Figure  24  illustrates  the  typical  oscillating  characteristics  recorded  when 
measuring  transmission  on  a  broad-band  radome  using  the  system  antenna.  Figure 
25  shows  the  measurement  repeated  but  with  a  standard  gain  horn  substituted  for  the 
system  antenna.  Figure  25  exhibits  a  close  correlation  with  the  performance  level 
predicted  in  the  design  studies  and  shown  in  Figure  26.  A  compilation  of  these  data 
for  direct  comparison  are  shown  hi  Figure  27. 

These  data  were  measured  with  the  vertical  fin  radome.  The  decrease  in  per¬ 
formance  level  through  the  aft  90  degree  quadrant,  ±  45  degrees  from  the  vertical 
centerline,  is  a  result  of  the  discontinuity  in  the  shape  of  the  radome  at  this  section 
and  was  predicted  during  the  design  studies. 

In  addition  to  transmission  data,  antenna  pattern  distortion  tests  were  per¬ 
formed  in  accordance  with  the  applicable  military  specification  procedures.  These 
test  procedures  describe  a  meth^  of  recording  patterns  under  static  conditions;  that 
is,  the  pattern  is  recorded  by  rotating  the  system  antenna  and  radome  together  at 
discrete  orientations  all  relative  to  a  fixed  signal. 
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M  Under  actual  system  conditions  the  antenna  pattern  is  rotating  in  relation  to 

0.  a  fixed  radome  and  a  fixed  target.  This  dynamic  condition  was  duplicated  on  the  test 
rai^e  by  a  special  two  axis  mount  which  orientated  the  radome  in  azimuth  relative  to 
a  Uxed  signal  source.  The  system  antenna  was  then  rotated  independently  of  the  fixed 
p;  radome  and  fixed  signal  (target)  source.  Patterns  were  recorded  at  successive  15 
degree  increments  of  azimuthal  off-sets  of  the  radome  from  0  degrees  throu^  360 
degrees. 

The  bearing  error  data  for  the  radome  were  reduced  and  charted  from  these 
patterns .  These  curves  of  radome  error  data  showed  close  correlation  widi  similar 
data  derived  from  actual  flight  tests  assuring  a  con^>lete  and  satisfimtory  integration 
of  the  radomes  and  the  system. 


If  FUTURE  PROGRAMS  -  "Radant"  Concept  and  h^terials  Development  - 

g  The  diversity  of  radome  design  technicpies  described  in  the  references  pro- 

M  vided  the  means  for  achieving  a  compatible  solution  to  the  confronting  structural/ 

M~  aerodynamic/  and  electronic  requirements  encountered  in  this  program.  Future 
I  wide-band  programs  however,  especially  on  higher  performance  type  aircraft,  will 
I'  demand  even  closer  coordination  of  the  needs  of  all  the  engineering  disciplines  con- 
cemed. 


On  transonic  aircraft,  large  form  factor  antennas  for  wide  band  use  will  have 
to  be  replaced  by  flush  mounted  systems.  The  concept  of  "Radant"  housings, 
with  materials  capable  of  sustaining  high  temperature  environments  will  have  to  be 
augmented  in  keeping  with  the  added  conq)lexities  of  future  wide-band  systems. 

Security  restrictions  prevented  a  more  detailed  description  in  this  paper 
of  the  system  operation  and  co^iguration  details  of  the  radomes.  The  prime  motive 
in  presenting  this  paper  is  to  indicate  that  the  problem  areas,  satisfactorily  resolved 
in  this  program,  represent  only  the  threshold  of  what  will  be  encountered  on  future 
programs.  The  radome  design  techniques  offer  a  certain  range  of  flexibility  to  effect 
a  satisfactory  electrical  performance;  however  additional  enq)hasi3  must  be  placed  on 
the  development  of  new  materials  having  good  structural  and  electrical  properties  at 
elevated  temperatures.  If  this  development  is  not  forthcoming  the  performance  levels 
of  future  wide-band  systems  on  high  speed  aircraft  will  be  severely  compromised. 
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Figure  10.  Power  Transmission  Coefficient  vs  Frequency 
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Figure  14.  Total  Wei|^ted  Average  vs  Transmission  vs  Frequency 
Right  Wing  Pod  Radome 


Figure  16.  Wing  Pod  Radome  Mold 


Figure  18.  '^ese  Section  -  Preformed  Core  Right  Wing  Pod  Radome 


Figure  20  First  Layer  of  Core  Right  Wing  Pod  Radome 


Figure  23.  Installation  of  Radomes  on  Airplane 
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Figure  26.  Total  Transmission  Computer  Optimization  Program  Vertical 
Fin  Radome  at  Frequency  fg 
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Introduction 


A  solid  metal  nose  cone  provides  a  missile  or  aircraft  the 
greatest  physical  protection  from  the  external  elements.  However 
such  a  shield  totally  obstructs  the  performance  of  a  radax* antenna  or 
other  radiating  device  enclosed  by  the  protective  "radome”.  The  ob¬ 
ject  of  this  paper  is  to  discuss  a  novel  radome  technique  for  providing 
a  maximum  mechanical-strength  structure  and  «it  the  same  time  afford 
efficient  energy  transfer  characteristics  and  good  pattern  fidelity. 

To  take  advantage  of  the  protective  properties  of  the  solid 
metallic  surface,  it  was  proposed^  that  an  electromagnetic  window 
be  built  consisting  of  a  dipole  array  connected  to  an  identical  array 
on  the  opposing  face  of  a  metal  sheet  by  a  non-radiating  transmission 
line.  This  technique  permits  a  minimum  structural  weakening  of  the 
radome  wall,  necessitating  only  the  passing  of  a  minute  transmission 
line  through  the  wall. 

In  this  paper  metnods  of  optimizing  transmission  through  the 
integrated  antenna -radome  will  be  discussed,  A  condition  has  been 
derived  for  maximum  power  transfer  and  transmission  efficiency 
calculations  have  been  made  applying  this  condition.  A  suitable 
Thevenin  equivalent  circuit  for  calculation  of  power  transfer  for  any 
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element  in  the  array  has  been  derived.  The  effect  of  scanning  in  one 
plane  on  element  driving  point  impedance  and  radome  transmission 
efficiency  have  been  shown. 

A  prototype  model  of  this  integrated  antenna -radome  was  con¬ 
structed.  This  model  is  shown  in  Fig.  1.  It  consists  of  a  staggered 
fifteen  by  fifteen  element  array  of  closely  spaced  dipoles  over  a  large 
flat  ''ground  plane"  representing  the  radome  wall.  An  extension  of 
the  radiating  wire  serves  as  a  connecting  transmission  line  to  the 
identical  elements  on  tiie  other  side  of  the  metal  wall.  Experimental 
results  from  the  prototype  model  are  shown. 


Background 

The  device  under  consideration  will  be  separated  into  two  passive 
arrays  for  purposes  of  analysis.  Each  array  consists  of  dipoles  above 
a  ground  plane  with  the  input  terminals  open  circuited.  This  is  shown 
in  Fig.  2.  For  every  pair  of  terminals  in  one  array,  there  is  a  cor¬ 
responding  pair  of  terminals  on  the  identical  companion  array. 

In  analyzing  this  array  several  simplifying  assumptions  are 
necessary.  The  arrays  will  be  considered  to  be  finite,  but  of  such 
a  great  extent,  that  the  input  impedance  at  every  pair  of  terminals 
is  identical.  Of  course,  this  requires  that  edge  effects  of  the  ex¬ 
terior  elements  be  neglected. 

Sinusoidal  currents  of  equal  magnitude  will  be  assumed  to  flow 
on  the  receiving  elements  when  they  are  short  circuited.  This  makes 
possible  rapid  calculation  of  mutual  impedances  between  elements. 
These  currents  will,  however,  be  a  function  of  the  incident  radiation, 
assumed  to  be  a  plane  wave  at  an  arbitrary  angle. 

When  the  companion  terminals  of  the  second  array  are  attached 
to  the  original  array,  every  dipole  in  the  mating  array,  for  example 
that  one  connected  to  terminals  1'  -1',  will  be  treated  as  a  passive 
load  attached  to  the  terminals  1  -  1  of  the  original  receiving  dipole. 
With  the  above  assumption  of  large  array  size  every  load  will  be 
considered  equal.  The  receiving  antennas  with  their  equivalent 
loads  are  shown  in  Fig.  3, 

The  terminals  1-1,  2-2,  3-3,  etc.,  will  be  treated  as  the  input 
terminals  to  the  actual  transmitting  (or  receiving)  half -wave  dipole 
and  connecting  transmission  lines  will  be  ignored. 
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When  radiant  energy  is  incident  on  the  elements  in  the  array, 
some  of  the  energy  will  be  absorbed  in  the  equivalent  loads  I'-l', 

2 '-2',  3' -3',  etc.,  and  some  will  be  reradiated  by  the  dipoles  1-1, 
2-2,  If  the  energy  absorbed  by  the  equivalent  loads  is  considered 
to  be  the  energy  radiated  by  the  companion  array  of  dipoles,  the 
actual  power  transmitted  through  the  integrated  antenna -radome 
can  be  found,  A  prerequisite  to  the  design  of  such  a  device  is 
finding  the  conditions  for  which  the  equivalent  loads  absorb  maxi¬ 
mum  power,  corresponding  to  maximum  transmission. 

The  problem  of  optimizing  the  power  absorbed  by  a  center- 
loaded  antenna  has  been  treated  for  many  cases  of  one  and  two  ele¬ 
ments  with  and  without  a  groiuid  plane.  ^  Often  scattering  and 
absorbing  cross-sections  are  found  but  there  is  confusion  created 
by  the  definition  of  ''forward  scatter",  (which  in  this  case  would 
also  be  energy  transmitted) .  Direct  computation  of  the  power 
absorbed  by  the  equivalent  loads  as  a  fvinction  of  the  available 
power  to  the  receiviny;  array  appears  to  be  the  most  direct  approach 
to  determining  the  transmission  efficiency. 


Analysis 

Considering  the  array  of  Fig,  4,  with  the  given  coordinate  sys¬ 
tem,  it  is  possible  to  develop  a  Thevenin  equivalent  circuit  for  each 
dipole  pair  in  the  array.  Symmetry  conditions  and  the  previous 
assumptions  for  a  large  array  require  tliat  every  equivalent  circuit 
be  identical. 

f 

By  application  of  basic  circuit  theory,  the  current  dipole  in  a 
representative  load  of  any  dipole  is  found  to  be: 


+Zdp 

Vqc  "  open  circuit  voltage  at  1-1  or  any  pair  of  terminals 
Zdp  =  driving  point  impedance  at  terminals  1-1 
Z|  =  equivalent  load  impedance  I'-l'. 

^oc  “  ^sc  *  ^dp 

where  Isc  is  the  short  circuit  current  in  any  antenna  in  the  presence 
of  all  other  elements. 


(1) 

where 


(2) 
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Several  methods  are  available  to  evaluate  the  short  circuit  cur¬ 
rent  in  an  element.  One  technique  is  to  apply  the  appropriate  boimdary 
conditions  to  the  incident  and  scattered  fields  or  voltages.®  Along 
any  given  dipole  this  implies  that 


(3) 


4  N  4 

f  Eicos^ZdZ=^  rj30l(. 


.-jkri+p  ^-jkrj+p 


4 


) 


cosliZdZ 


n=0  -- 

N 


n=0--^ 


where  Ej  is  the  total  incident  electric  field  and  its  tangential  compo¬ 
nents  are  equal  to  zero  on  any  dipole  and  on  the  ground  plane .  N  is  the 
total  number  of  dipoles  in  the  array. 


-  i 

=  [(n^dx  sin  0  sin  4>)^  +  (nydy  cos  9)^ 

^2  "  ®  si’™  ‘i’)^  +  (Wydy  cos  9  +  \ / Z)^  ]  2 

Pi  =  [(Hx^xSin  0sin  4))^  +  (nydy  cos  0)^  +  (2hsin  0cos  4))^ 

p2  =  [(xix^ix  ^  +  (iiydy  cos  9  +  x/2)^ +  (2h  sin0  cos  4>)^ 

n^  =  n^  dipole  in  the  x  direction 


ny 


dipole  in  the  y  direction 


h  =  height  above  the  ground  plane 


p  =  phase  difference  between  dipoles  due  to  oblique  scanning 
k  =  2Tr/\  . 


Solving  Eq,  (3)  for  the  short-circuit  current  Isc  yields; 


(4) 


^sc 


—  E£  sin(kh  sin  9  cos  4>)^ 

TT 


z 


dp 


where  Z^p  is  the  driving  point  impedance  at  the  terminals  of  any 
one  dipole.  By  comparison  with  Eq.  (2)  it  is  seen  that 
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(5) 


oc 


=  [iE,  si 


sin(kh  sin  8 cos  ^)\ 


In  determining  the  short  circuit  current  it  was  necessary  to 
evaluate  the  mutual  impedance  between  the  center  of  a  dipole  and 
all  the  elements  and  images  in  the  array.  By  adding  to  this  mutual 
impedance  the  input  impedance  of  a  dipole  over  a  ground  plane  the 
resultant  driving  point  impedance  as  a  fvmction  of  the  coordinate 
angles  and  6  may  be  obtained. 

A  computer  program  was  written  to  calculate  and  sum  mutual 
impedances  between  a  dipole  in  the  array  and  every  other  element. 
The  program  was  arranged  to  first  calculate  the  mutual  effect  on 
a  dipole  in  the  center  of  a  3  by  3  array,  then  a  5  by  5  array,  and  for 
progressively  larger  arrays  where  the  number  of  rows  and  columns 
are  increased  by  two  for  each  iterated  computation.  For  all  angles 
of  scan  and  the  various  spacings  tried,  the  mutual  impedance  between 
the  center  dipole  and  its  surrounding  elements  was  essentially  con¬ 
stant  for  square  arrays  greater  than  11  by  11  elements .  This  con¬ 
vergence  of  mutual  impedance  has  been  examined  in  the  literature^ 
and  has  been  observed  experimentally.®  The  following  calculations 
for  array  efficiency  were  based  on  the  driving  point  impedance  data 
for  elements  in  11  by  11  arrays. 

All  the  necessary  calculations  have  now  been  performed  for 
construction  of  the  Thevenin  equivalent  circuit  for  a  dipole  and  its 
equivalent  load.  The  circuit  is  shown  in  Fig.  5.  The  dipole  may 
be  represented  as  a  Thevenin  voltage  generator  Isc»  ^dp  series 
with  the  driving  point  impedance  Z^jp.  The  load  impedance  Zj  con¬ 
nected  across  the  terminals  1-1,  represents  the  driving  point  im¬ 
pedance  of  the  mating  dipole  in  the  companion  array. 

From  this  equivalent  circuit  the  power  dissipated  in  tlie  load, 

Zi ,  can  be  foixnd.  This  power,  as  mentioned,  is  the  same  as  the 
power  that  would  be  radiated  by  the  mating  dipole  and  is,  in  effect, 
the  power  transmitted  by  an  element  in  the  integrated  antenna 
radome.  The  total  power  transmitted  through  the  device  is  then 
equal  to  the  power  absorbed  by  an  equivalent  load  times  the  number 
of  elements  in  the  entire  array. 

From  inspection  of  the  dipole  equivalent  circuit  in  Fig.  5,  it  is 
seen  that  maximum  power  is  absorbed  in  the  load  Z|  when  =  Z^ 

(the  complex  conjugate  of  Z^p) .  In  the  following  calculations  it  will 
be  assumed  Z|  satisfies  this  condition  for  maximum  power  transfer. 
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Care  must  be  taken  not  to  attach  any  physical  significance  to 
power  absorbed  by  Z^p  of  the  representative  circuit.*  This  impedance 
is  useful  in  finding  the  power  delivered  to  the  equivalent  load  but  is  a 
part  of  the  internal  Thevenin  circuit.  In  an  array  of  n^  dipoles  the 
total  power  transmitted  through  the  array  will  be  n^  P|  where  P|  is 
the  power  absorbed  in  any  load. 

With  the  aid  of  the  Thevenin  circuit  it  is  now  possible  to  calculate 
the  efficiency  of  a  large  array.  With  every  load  adjusted  for  maximum 
power  absorption  the  transmission  efficiency  may  be  expressed  as: 


(6) 


Q  power  absorbed  in  equivalent  loads 
power  incident  on  the  array  area 


From  the  circuit  parameters  of  Fig.  5 


(7) 


^  2  ^ 
^  ~  sin(kh  sin  8  cos  <}>)  X. 

/[4Rl] 

^  A 

~  ~  "^norm 

Zq 

where  Zq  is  the  impedance  of  free  space 

Anorm  aperture  area  normal  to  the  direction  of 

propagation  of  the  incident  radiation. 

Alternately  by  application  of  reciprocity  relations^ and  from  basic 
antenna  definitions,  the  power  absorbed  in  the  load  of  a  cylindrical 
antenna  is  A.gj^  •  Sj  where: 

A  =  maximum  effective  area 
em 

=  incident  Poyuting  vector. 

By  equating  effective  area  to  gain, 

(8)  Aem=-^  0(6,  <|.) 

where  G(6,  4))  is  the  directive  gain.  Making  use  of  these  identities 
another  expression  for  efficiency  is 
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(9) 


(1 


G(e,4>) 

Korm 


Both  Eqs.  (7)  and  (9)  reduce  to 


(10) 


Q 


Zq  sin^  (kh  sin  6  cos  4>) 


with  (\^)  in 

squ^^re  wavelengths. 


Results 


Figure  6  shows  driving  point  resistance  for  a  very  thin  dipole 
in  a  large  array  for  three  different  spacings  as  a  function  of  scan 
angle.  In  Array  1  d^^  =  X,  in  Array  2  d^^  =  .  5X  and  in  Array  3 
dx  =  .3X.  In  all  arrays  dy  =  .6X.  Resistance  ranges  +  12%  from 
the  medium  value  in  Array  3  and  1^7%  from  the  mean  in  Array  1. 
Array  2,  the  most  widely  spaced  shows  a  rapid  variation  in  re¬ 
sistance. 

Transmission  efficiencies  for  these  three  arrays  are  shown  in 
Fig.  7.  Arrays  1  and  3  are  above  90%  efficient  for  <j>  ranging  to  50®, 
with  Array  3  being  better  than  96%  for  the  angular  range.  Array  2 
again  shows  somewhat  more  erratic  behavior  with  transmission 
efficiencies  falling  rapidly. 

In  Fig.  8  the  power  loss  due  to  mismatch  of  the  dipoles  during 
scanning  is  shown.  The  dipoles  were  conjugate  matched  by  a  passive 
quarter-wave  transformer  at  0®.  The  ratio  of  calculated  power 
absorbed  to  maximum  possible  absorption  is  shown  for  Array  3. 

The  calculations  were  made  for  infinitely  thin  dipoles  and  for 
dipoles  of  length  to  thickness  ratio  of  20.  The  curves  indicate 
simple  matching  techniques  might  be  used  for  one  plane  scanning 
over  a  reasonable  range. 

Patterns  were  taken  on  the  prototype  antenna  and  are  shown  in 
Fig.  9.  The  patterns  show  effects  of  the  electromagnetic  window 
on  the  radiation  pattern  for  normal  and  15  degree  incidence.  No 
attempt  was  made  to  match  any  elements  in  this  array  and  the 
actual  aperture  was  four  wavelengths  square. 
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Conclusions 


Calculations  and  results  of  tests  on  the  prototype  antenna  indi 
cate  probable  success  for  this  type  of  electromagnetic  window. 
Further  calculations  should  be  made  to  optimize  efficiency  and 
matching  techniques  must  be  examined.  Experimental  work  is 
now  being  conducted  on  a  parallel  plate  waveguide  with  probes, 
simulating  a  semi -infinite  array  of  dipoles.  It  is  hoped  to  ob¬ 
tain  efficiency-vs-scan  information  from  this  model  by  simple 
measurements.  Tuning  can  be  effected  by  frequency  variation. 
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AN  APPLICATION  OF  RADOME  BROADBANDING 


P.  Zuzolo,  C.  Horn  and  S.  Jurczak 

Republic  Aviation  Corporation 
Farmingdale ,  New  York 


A.  Introduction 

Multilayer  sandwich  configurations  have  been  investi¬ 
gated  extensively  in  recent  years  for  broadband  radome  applica¬ 
tions.  This  design  approach  is  sound  as  far  as  theoretical 
calculations  are  concerned.  However,  the  development  and 
fabrication  of  such  radomes,  especially  in  complex  shapes,  are 
time  consuming  and  costly. 

This  paper  presents  an  application  of  radome  broad¬ 
banding  using  a  simple  A-sandwich  design. 


B. 


A-Sandwich  Design  Techniques 


The  electrical  properties  of  an  A-sandwich  radome  will 
be  examined  by  starting  with  an  established  transmission  formula 

/r/ =  <•  /  - 

where  is  the  reflection  coefficient  at  the  outer 
skin  and  air  interface  given  by  the  following  equation 

a  _  r,  ■* 

'  i  *  n  en/>  (-Zj 

and  is  the  reflection  coefficient  at  the  skin 

and  core  interface  given  by  the  following  equation 


(3) 


In  equations  (2)  and  (3),  t  and  are  the  Fresnel 
interface  reflection  coefficients  given  by 

r.  =  r  '■  (4) 

f  I 

and  _ 

n  -  ~ 

ijt  * 


(5) 


1 


The  effective  skin  dielectric  constant  OCg  is  given 


by  the  following  equations: 

For  perpendicular  polarization 

and  for  parallel  polarization 


oi  -  B 

(6) 

C05*  B 

or  -  B 

(7) 

where  0<  is  the  value  of  skin  dielectric  constant  at 
a  specific  frequency 

Q  is  the  incidence  angle 

The  effective  core  dielectric  constant  is  given 
by  the  following  equations:  * 

^  13  -  ’StH  a 

For  perpendicular  polarization  pg  -  -  a  ^  (8) 


and  for  parallel  polarization 


Pe  = 


cos^  O 
i^ccs^e 


where  is  the  value  of  core  dielectric  constant  at 

a  specific  frequency 

The  angle  is  Z  IT  times  the  electrical  thickness 

of  the  core.  j  — — »» 


where  dc  is  the  physical  core  thickness. 


The  angle  is  zir  times  the  electrical  thickness 

of  the  skin.  /  - 

X.  *  (11) 


where  ds  is  the  physical  skin  thickness. 


Referring  to  equations  (6)  and  (7) ,  if  the  angle  of 
incidence  is  small,  the  effective  skin  dielectric  constant 
approaches  to  the  actual  dielectric  constant  of  the  material 
employed.  The  same  condition  will  hold  true  for  the  core 
material  used. 


Furthermore,  if  the  core  materia'i  is  chosen  such  that 
its  dielectric  constant  is  low  relative  to  air,  then  the  magni 
tudes  of  the  Fresnel  interface  reflection  coefficients  and 
Tx  will  be  approximately  equal  to  each  other  but  opposite  in 
sense,  i.e. 


2. 


- 


(12) 


f  I  ^ 

or  I  Pi  I  ^  1  I 

If  the  above  conditions  are  satisfied,  it  follows  that 

lp,l*’~lpxl‘  (13) 

Substitute  equation  (13)  into  equation  (1)  to  obtain 
the  following  relationship:  ^ 

t _ a  -  /fti*) _ 

Equation  (14)  is  a  standard  form  of  an  effic3.ency 
equation.  If  we  let 

k=  <  I  -  ifi.i'-t 

B=  4  1^,1"^ 

c=  slu*' ( i  p,.  - 

the  transmission  efficiency  equation  assumes  the  form 

=  /)+ sc  (15) 

Maximum  power  transmission  can  be  obtained  if  the  term 
BC  in  the  denominator  is  zero.  Zero  condition  can  be  achieved 
if  either  B  is  zero  or  C  is  zero.  Also,  high  transmission  can 
be  realized  if  the  product  of  B*C  is  small.  This  property  of 
an  A-sandwich  dielectric  sheets  will  be  used  to  design  a  broad¬ 
band  frequency  radome. 

The  approach  chosen  is  to  minimize  the  value  B  by  a 
proper  choice  of  skin  thickness  and  the  value  C  by  a  proper 
choice  of  core  thickness. 


a.  Skin  thickness  consideration 


equation  (2) 


The  term  B  is  a  function  of  .  Pi  as  given  in 
can  be  written  in  the  following  form: 


(r,  +  <as  j  ( SM  2  ^,  )  1 
r,  r,  C0S  ^  ^5)  r,  stH  j 


3. 


To  obtain  optimum  electrical  characteristics, 
the  skin  thickness  must  be  chosen  so  that  the  numerator  of  pf 
is  approximately  zero,  i.e.  the  following  conditions  must  be 
satisfied. 


r/  r,  cos  Z  ^  O 

(17) 

Tjt,  2  K,  O 

(18) 

Substitute  equation  (12)  into  equations 
(18) ;  the  above  conditions  can  then  be  approximated  by 

(17)  and 

C.OS  2  ^  0 

(19) 

and 

-  r,  sift  Z  a  o 

(20) 

Solving  the  above  equations  yield 

COS  I  and  S/ff  Z  ^  O 


or  (f>^  s:  O  and  -rj  W  radians 
where  is  any -positive  integer  1,2 , 3,4, , . .  .etc .) 

For  these  values  of  ^5,  it  can  be  shown  that  the 
numerator  of  fit  is  approximately  equal  to  zero.  The  value  of  skin 
thickness  for  optimum  transmission  characteristics  at  a  given 
design  angle  and  frequency  can  now  be  obtained  from  equation  (11) 
with  the  above  values  of  . 

For  the  case  when  —  *71  TT  ,  the  computed  skin 
thickness  will  generally  be  too  thick  for  practical  application. 
For  the  case  when  O  ,  the  theoretical  skin  thickness  will 
also  be  zero.  Since  zero  skin  thickness  is  not  physically 
realizable,  it  is  suggested  that  a  compromise  solution  would  be 
to  choose  a  thin  skin.  The  acceptable  value  of  this  skin  will 
be  determined  by  structural  and  environmental  considerations, 

b.  Core  thickness  consideration 


The  term  C  is  a  sine  function  wnich  is  determined 
by  the  core  thickness  once  the  skin  thickness  has  been  chosen. 
In  order  for  the  sine  function  to  vanish,  the  angle  ^c) 

must  be  zero  or  qoff  .  The  above  condition  will  be  met  if  the 
value  of  core  thickness  satisfies  the  following  equation: 


4. 


“  Zir  L(^t--^Xt*<*e)*flt-l)(0^  +«,)0 


c»i 

(21) 


c.  Transmission  characteristics 


In  order  to  obtain  broadband  transmission 
characteristics  the  skin  thickness  will  be  chosen  such  that  4^s 
will  be  small  throughout  the  frequency  range.  As  can  be  ex¬ 
pected,  the  value  of  core  thickness  that  satisfies  equation  (21) 
will  exhibit  an  oscillatory  nature  in  the  transmission  curve 
with  maxima  occuring  at  frequencies  satisfy  equation  (21) . 

These  maxima  can  be  shifted  within  the  frequency  range  by  a 
differential  variation  of  the  core  thickness. 

The  above  properties  of  a  three-layer  dielectric 
sheets  were  carefully  utilized  to  design  a  radome  which  has 
maxima  occuring  at  the  preferred  frequency  bands  while  maintain¬ 
ing  broadband  characteristics  throughout  the  frequency  range. 

The  transmission  requirement  of  a  hypothetical  application  is 
shown  in  Figure  1..  The  broadband  characteristics  may  be  re¬ 
quired  up  to  60  gigacycles  with  preferred  frequency  bands  of 
operation  as  indicated. 

The  transmission  curves  were  plotted  from  data 
obtained  from  IBM  7094  computer.  The  data  presented  are  of 
approximate  values  since  such  effects  as  dielectric  constants 
as  a  function  of  frequency,  loss  factor,  etc.,  were  neglected. 

The  minimum  transmission  efficiency  for  frequencies 
up  to  60  gigacycles  is  60  percent  while  at  the  preferred  fre¬ 
quency  bands  it  is  greater  than  80  percent. 

The  radome,  as  it  is  designed,  is  a  structural 
support  of  another  antenna  system  while  it  performs  the  primary 
function  as  a  broadband  radome. 


C .  Experimental  and  Fabrication  Techniques 

The  development  of  this  radome  required  close  coordina¬ 
tion  between  experimental  data  and  fabrication  changes.  In 
order  to  meet  the  electrical  requirement,  the  radome  must  have 
uniform  transmission  characteristics  throughout  most  of  the 
azimuth  coverage  except  in  a  narrow  region  of  waveguide  runs. 

As  a  supporting  structure,  it  must  have  the  necessary  structural 
integrity. 


5. 


Figure  1  -  COMPUTED  TRANSMISSION  CHARACTERISTICS  AS  A 

FUNCTION  OF  FREQUENCY 
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a. 


Electrical  consideration 


The  core  of  the  first  prototype  cone  shaped 
radome  consisted  of  two  sections.  Each  section  was  hot  foamed 
to  shape  from  foamed  polyurethane  sheet.  The  skin  and  laminated 
flanges  were  made  from  type  181  fiberglass  fabric  impregnated 
with  polyester  resin.  Figure  2  shows  the  die  used  for  the 
fabrication  of  the  cone  shaped  radome. 

The  first  prototype  was  tested  for  transmission 
efficiency  at  the  higher  end  of  the  operating  frequency  range. 

A  representative  set-up  is  shown  in  Figure  3  at  Ka-band.  The 
transmission  curves  is  shown  in  Figure  ^  for  two  frequencies 
covering  a  360  degrees  angular  scan.  It  was  noted  that  a  5 
percent  variation  in  transmission  efficiency  occurred  at  the 
butt  joints  of  the  core.  This  was  due  to  the  adhesive  used  for 
bonding  the  two  sections  together. 

To  eliminate  this  distortion,  the  core  was  made 
in  one  piece  by  machining  a  pre-cured  block  of  "Lockfoam"  with 
the  skins  overlap  located  at  the  RF  blind  spot.  The  improved 
transmission  curves  is  shown  in  Figure  The  slight  variation 
was  due  to  the  geometry  of  the  set-up  and  the  rigidity  of  the 
supporting  posts.  This  condition  was  subsequently  improved 
and  uniform  transmission  curves  were  obtained. 

b.  Structural  consideration 


Since  the  radome  is  a  supporting  structure  for 
another  antenna  system,  it  must  carry  the  entire  weight  of 
that  system. 


The  prototype  unit  met  all  environmental  and 
structural  design  requirements  except  lateral  vibration  test. 

The  test  set-up  is  shown  in  Figure  6,  Various  reinforcements 
were  used  at  both  the  top  and  the  bottom  flanges  (Figure  7) . 
Hovjever,  the  approach  did  not  prove  completely  satisfactory. 

It  was  found  that  the  radome  has  a  critical  resonance  that 
coincided  with  the  dummy  weight.  Finally,  the  radome  was  modi¬ 
fied  to  permit  the  installation  of  a  rubber  gasket  on  the  flanges 
to  isolate  the  radome  structure  from  its  associated  hardwares. 

The  lateral  vibration  tests  at  10  g's  were  conducted  on  the 
modified  unit  and  there  was  no  evidence  of  fracture  or  cracks 
in  the  radome. 


D .  Conclusion 

A  simple  A-sandwich  configuration  has  been  successfully 
employed  for  a  specific  broadband  application.  (Figure  8)  .  It 
is  economical  and  time  saving.  This  paper  may  encourage  radome 


7. 


TRANSMISSION  TEST  SET-UP 


Figure  4  -  EXPERIMENTAL  TRANSMISSION  CHARACTERISTICS  OF 
—  -  PROTOTYPE  AS  A  FUNCTION  OF  AZIMUTH  ANGLE 


Figure  5  -  EXPERIMENTAL  TRANSMISSION  CHARACTERISTICS  OF  FINAL 

UNIT  AS  A  FUNCTION  OF  AZIMUTH  ANGLE 


ure  7  -  REINFORCEMENT  OF  MOUNTING  FLANGES 


ei 


designers  to  look  for  simpler  solution  for  their  special 
app lications. 
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ABSTRACT 

Design  of  a  structural  component  utilizing  brittle  materials, 
namely  ceramics,  requires  a  rigid  definition  of  the  mechanical 
properties.  Available  mechanical  property  data  are  not  ade¬ 
quate  as  critical  design  criteria.  The  fracture  strength  is  a 
structure  sensitive  property  and  thus  provides  a  basic  para¬ 
meter  for  study  of  the  peculiar  traits  exhibited  by  brittle 
materials . 

Most  available  information  indicates  that  the  bending  strength 
of  these  brittle  materials  is,  to  some  extent,  dependent  upon 
a  size-shape  factor.  This  treatise  reports  two  methods  of 
obtaining  structural  data;  namely  (1)  behavior  under  a  uniaxial 
stress  caused  by  beam  bending  with  variations  in  span  length 
and  thickness,  and  (2)  behavior  under  a  biaxial  stress  caused 
by  concentrated  transverse  loading  of  a  simply  supported  square 
plate.  Theoretical  considerations  and  test  results  are 
reported  for  Pyroceram  9606. 

I.  INTRODUCTION 

The  criteria  utilized  in  the  design  of  a  dielectric  window  or 
radome  specify  material,  electrical,  structural,  and  aerod3ma- 
mic  requirements.  The  material  requirements  have  been  altered 
markedly  with  the  advent  of  hypersonic  regimes  and  reentry 
environments.  In  these  elevated  temperature  regimes,  the 
electrical,  structural,  and  aerodynamic  requirements  are 
governed  by  the  material  requirement.  Materials  generally 
considered  for  radome  applications  are  reinforced  plastic  and 
ceramic  systems.  The  thermal  integrity  of  current  reinforced 
plastic  systems  diminish  at  approximately  550°F  and  thus  would 
not  be  considered  for  application  in  reentry  environments.  As 
a  result,  ceramic  materials  are  relied  upon  for  application  in 
radomes  in  this  temperature  regime. 


The  ceramic  class  of  materials  demonstrate  inherent  brittle 
tendencies.  Design  of  a  structural  component  utilizing  these 
brittle  materials  requires  a  rigid  definition  of  the  mechanical 
properties.  Available  mechanical  property  data  are  not  adequate 
as  critical  design  criteria.  The  fracture  strength  is  a  struc¬ 
ture  sensitive  property  and  thus  provides  a  basic  parameter  for 
study  of  the  peculiar  traits  exhibited  by  brittle  materials. 

Determination  of  the  modulus  of  rupture  is  the  method  generally 
used  as  an  indication  of  strength  in  a  ceramic  material.  Most 
available  information  indicates  that  the  modulus  of  rupture  or 
bending  strength  of  these  brittle  materials  is,  to  some  extent, 
dependent  upon  a  size- shape  factor.  Should  this  be  a  positive 
statement,  then  design  data  generated  from  small  beam  specimens 
would  not  be  valid  criteria  for  large  hardware  components. 

As  has  been  stated,  the  strength  characteristics  of  a  brittle 
material  are  established  through  modulus  of  rupture  determina¬ 
tions,  i.e,,  uniaxial  stress  conditions.  Under  actual  struc¬ 
tural  conditions,  a  material  is  rarely  submitted  to  uniaxial 
stress  conditions.  The  more  realistic  multiaxial  stress  condi¬ 
tions  are  difficult  to  simulate  in  a  laboratory  test  procedure. 
However,  the  biaxial  stress  state  more  closely  approximates 
realism  than  the  uniaxial  state. 

This  treatise  reports  two  methods  of  obtaining  structural  data; 
namely,  (1)  behavior  under  a  uniaxial  stress  caused  by  beam 
bending  with  variations  in  span  length  and  thickness,  and 
(2)  behavior  under  a  biaxial  stress  caused  by  concentrated 
transverse  loading  of  a  simply  supported  square  plate. 

II.  DESCRIPTION  OF  MATERIALS 

Ceramic  materials  currently  receiving  considerable  attention 
for  application  in  radomes  are  fused  silica,  alumina,  and  Pyro- 
ceram  9606.  Incorporating  immediate  applicability  as  a  criteria, 
Pyroceram  9606  is  the  only  material  that  can  be  readily  fabri¬ 
cated  into  large  components  utilizing  existing  processing 
techniques.  Surface  finishing,  grinding,  to  the  desired  toler¬ 
ances  required  for  aerodynamic  considerations  is  readily 
accomplished.  Although  Pyroceram  9606  is  an  intermediate  tem¬ 
perature  range  material,  useful  to  approximately  1500®F,  the 
immediate  application  aspect  intensified  gathering  of  reliable 
design  data.  For  this  reason,  Pyroceram  9606  was  selected  as 
the  basis  for  this  study. 
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III.  PROCEDURES  AND  TEST  CONDITIONS 


1.  Simple  Beam  Bending 

Various  span  length  beam  specimens  were  fabricated  from  Pyro- 
ceram  9606.  The  specimens  were  3  inches  wide  with  A,  6,  9,  and 
15  inch  beam  lengths.  All  specimens  were  0.25  inches  in  thick¬ 
ness  with  the  exception  of  the  15  inch  beam  length  specimens 
where  both  0.25  and  0.3125  inch  thick  specimens  were  incorporated. 
The  beam  specimens  were  ground  smooth,  with  parallel  faces,  to 
+  0.001  inch  of  the  desired  thickness. 

Although  contrary  to  some  theorists,  two  different  loading 
conditions  ware  utilized  in  the  determination  of  the  modulus  of 
rupture  or  flexural  strength.  Fotir- point  loading,  Figure  1,  was 
used  initially  at  room  temperature.  At  temperature,  it  became 
necessary  to  change  to  three-point  loading.  Figure  2,  as  the 
four- point  fixture  oxidized  too  rapidly.  The  delay  time  in 
fabricating  a  new  high  temperature  fixture  was  too  great  and 
the  three-point,  oxidation  resistant,  fixture  was  available  to 
complete  the  testing.  A  0.5  inch  overhang  was  observed  at  each 
support  for  all  beam  specimens. 

All  testing  was  accomplished  in  an  oxidizing  atmosphere.  The 
beam  specimens  were  evaluated  at  room  temperature,  1000°,  and 
1400^F.  All  testing  at  temperature  was  accomplished  in  moving 
air  in  an  induction  furnace.  Figure  3  shows  a  typical  beam 
specimen  positioned  on  the  test  fixture  for  testing  at  elevated 
temperatures. 


2 .  Plate  Bending 

A  square  specimen,  five  inches  on  a  side,  was  chosen  for  test¬ 
ing  under  plate  bending  or  biaxial  stress  conditions.  The 
specimens  were  submitted  to  testing  at  temperatures  of  room 
temperature,  1000°,  and  1500°F.  Specimens  0.25  inches  in 
thickness  were  utilized  throughout  with  the  exception  of  the 
room  temperature  testing.  At  room  temperature  both  0.25  and 
0.3125  inch  specimens  were  incorporated.  The  plate  specimens 
were  ground  flat,  with  parallel  faces,  to  +  0.001  inch  of  the 
desired  thickness. 

In  plate  bending,  a  biaxial  stress  condition  is  realized  by  a 
concentrated  transverse  loading  of  a  simply  supported  square 
plate.  The  flat  plates  were  simply  supported  on  all  edges  and 
were  centrally  loaded  by  a  one  half  inch  diameter  rod.  The 
periphery  of  the  rod  was  chamfered  slightly  to  maintain  a 
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unifom  loading  on  the  plate  in  the  deflected  statd.  The  test 
fixture  is  shown  in  Figure  4.  The  test  fixture  with  a  plate 
specimen  in  place  ready  for  testing  is  shown  in  Figure  5.  The 
elevated  temperature  test  facility  is  shown  in  Figure  6.  All 
testing  was  performed  in  an  oxidizing  atmosphere. 

IV.  PRESENTATION  OF  DATA 

1.  Simple  Beam  Bending 

The  modulus  of  rapture  or  flexural  strength  determinations  of 
the  various  Pyroceram  9606  beam  specimens  are  recorded  in  Table 
1.  The  beam  spans  between  supports  ranged  between  three  and 
fourteen  inches.  Each  flexural  strength  value  represents  an 
average  of  at  least  five  test  specimens.  There  appears  to  be 
only  a  slight  degradation  in  the  strength  characteristics  over 
the  temperature  range,  room  temperature  to  1400^.  This 
degradation  appears  to  be  more  pronounced  in  the  thicker  beam 
specimens. 

Stress-strain  curves  were  obtained  for  Pyroceram  9606  under  the 
various  test  conditions.  In  all  cases  the  stress-strain  curve 
was  found  to  be  fairly  constant  with  temperature.  A  typical 
stress^ strain  curve  is  illustrated  in  Figure  7. 

2.  Plate  Bending 

The  square  plate  was  chosen  for  testing  in  plate  bending  because 
it  produces  the  highest  ratio  between  the  two  principal  stresses 
at  the  center  of  the  plate,  the  expected  point  of  failure. 

Before  any  criteria  can  be  established  from  the  test  date,  the 
most  applicable  theory  of  failure  has  to  be  established.  Most 
advanced  strength  texts  advocate  the  use  of  the  maximum  normal 
stress  theory  since  previous  data  indicates  a  ’’best  fit”  situa¬ 
tion  for  brittle  materials. 

The  maximum  shear  stress  theory  was  also  checked  for  punch  cut 
shear  around  the  periphery  of  the  loading  rod.  As  indicated 
later,  this  was  not  critical,  despite  the  plate  size. 


TABLE  1 


SIMPLE  BEAM  BENDING  TEST  RESULTS 


BEAM  SPAN 

TEST 

SPECIMEN 

WIDTH 

TEMP 

THICKNESS 

(INCHES) 

®F 

(INCHES) 

Three  (3) 

RT 

0.250 

1000 

0.250 

1400 

0.250 

Five  (5) 

RT 

0.250 

/ 

1000 

0.250 

1400 

0.250 

Eight  (8) 

1400 

0.250 

Fourteen  (14) 

RT 

0.250 

RT 

0.3125 

1000 

0.250 

1000 

0.3125 

1400 

0.250 

1400 

0.3125 

FLEXURAL 

STRENGTH 

(PSD 

26,299 

24,375 

30,937 

26,299 

21,200 

22,400 

21,120 

25,130 

30,450 

26,250 

23,000 

28,195 

22,860 
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From  Timoshenko  (Ref.  I) 


Cg-Myg 


2a  Sin^  1  Y,P 

(1  +>tc)  Log  .  .  - S-  +  1  +  ^ 

(e)  rre  _  4Tr 


where : 


P  *  load 

/AS  Poisson's  ratio;  Use  0.245 
a  »  4.0  in.,  c  *  2.0  in. 
e  =  radius  of  loading  rod  *  0.25  in. 
»  -0.565  (a/b  -  1.0) 


(1  +  0.245)  Log  (e) 


Mxg  -  Myg  =  0.275P 


(2) (4)  Sini 
0.257r 


.000  -  0.56^ 


From  the  Maximum  Normal  Stress  Theory: 

(T..  _rr..  _  6  Mx  _  6  (0.275P)  ,  1.65P 

“  *  17 - nj- ^  1?~ 

For  Maximum  Shear  Stress  Theory  Check  of  Punch-Out  Shear 


V  «  shear /inch 


P 

2  TT  e 


VQ/Ib  Where:  Q»~-,  b«l 

1-  -  -E—  5^  4  -  0-75P  .  0  953  P/h 

'  2re  8  h3  7r(0.25)h  ' 

For  this  theory  j^max  *  Sl  ,  then 

^u  »  2  (0.953)  P/h  -  1.906  P/h 

Equating  ^ u  values  to  determine  thickness  at  which  shear 
becomes  critical; 

1.65P  1.906  P 

h^j.  «  1.65/1.906  =  0.866  5-n.  (shear  is  critical  above 
this  thickness) .  Bending  will  be  checked  since 
specimens  tested  are  less  than  this  thickness. 
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Timoshenko,  in  his  analysis,  refers  to  the  simply  supoorted 
plate  with  anticlastic  deformation,  V7hile  Seely  and  Smith  (Ref. 
2)  have  experimentally  determined  that  the  corners  tend  to  curl 
up  and  that  the  critical  sectior  is  approximately  a  diagonal 
section.  In  Seely  and  Smith's  analysis  of  the  square  plate,  the 
concentrated  load  at  the  center  produces  high  stresses  in  the 
plate  near  the  load.  The  distribution  of  the  bending  stress 
along  this  diagonal  surface  came  from  the  theory  of  flexure  of 
plates  by  Nadai  and  Westergaard  (Raf .  3) ,  which  states  that  if 
the  plate  is  a  brittle  material  the  significant  stress  in  the 
plate  may  correspond  more  nearly  to  the  maximum  bending  moment 
per  unit  of  width,  0.44P. 

This  analysis  seems  to  fit  the  situation  more  so,  but  both 
theories  are  included  to  show  the  relative  stress  value  obtained 
by  calculation. 


By  Timoshenko,  allowable  bending  stress 


(T..  -  1.65P 
^  u  ~  — -•»r'  •" 


and  by  Seely  and  Smith 

^  2 . 64P 

h^ 

Where:  ^u  =  ultimate  bending  stress,  psi 
P  =  failing  load,  lbs. 
h  =  thickness  of  plate,  inches. 


(9) 

(10) 


The  results  of  the  olate  bending  tests  are  outlined  in  Table  II. 
The  ultimate  bending  stresses  are  calculated  for  both  the 
Timoshenko  and  the  Seely  and  Smith  theories.  A  comnarison  of 
the  two  approaches  is  illustrated  in  Figure  8.  The  Seely  and 
Smith  theory  offers  higher  ultimate  bending  strengths  over  the 
entire  temperature  range  than  the  Timoshenko  approach.  The 
plate  bending  results  appear  to  prove  out  the  theoretical 
analysis  that  failure  should  occur  at  the  center  of  the  '^late 
and  propagate  toward  the  corners.  Further  evidence  is  obtained 
from  the  failure  mode.  Figure  9  illustrates  a  typical  square 
plate  failure  showing  the  stress  failure  at  the  center  of  the  plat 
and  the  ensuing  propagation  toward  the  corners. 

Stress-strain  curves  V7ere  obtained  for  the  flat  '^lates  under 
the  various  test  conditions.  A  typical  stress-strain  curve  of 
a  5  inch  square  plate  is  shown  in  Figure  10.  The  linear 
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relationship  obtained  vrith  the  beam  bending  does  not  hold  true 
for  the  flat  plate. 


T/BhE  II 

PLATE  BEIIDING  TEST  DATA 


TEST 

TEMP 

Op 

PLATE 

THICKNESS 

(INCHES) 

FAILING 

LOAD 

Pi  (LEE) 

TIMOSHENKO 
u  (PSI) 

SEELY  Sc  SMITH 
u  (PSI) 

RT 

0.3125 

1580 

26,800 

67,000 

RT 

0.3125 

1300 

22,000 

55,000 

RT 

0.250 

900 

23,700 

38,000 

RT 

0.250 

856 

22,600 

36,000 

RT 

0.250 

778 

20,500 

32,700 

1000 

0.250 

368 

9,700 

15,500 

1000 

0.250 

346 

9,200 

14,600 

1000 

0.250 

490 

13,000 

20,700 

1500 

0.250 

575 

15,200 

24,300 

1500 

0.250 

545 

14,400 

23,000 

1500 

0.250 

585 

15,500 

24,700 

3.  Microstructure 

In  an  effort  to  obtain  a  better  understanding  of  the  strength 
characteristics  of  Pyroceram  9606,  an  attempt  to  define  the 
fracture  mode  V7as  undertaken.  The  microstructure  of  the  frac¬ 
ture  surface  was  examined  by  electron  microscopy.  A  tyT^ical 
section  is  shown  in  Figure  11.  Evidence  of  both  inter-  and 
transgranular  fracture  are  evident.  This  type  of  fracture 
is  typical  of  a  glass-ceramic  system. 
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V.  DISCUSSION  OF  RESULTS 


The  maximum  stress  theory  for  the  flexure  of  beams  assumes  that 
a  slab  is  loaded  in  a  direction  normal  to  its  plane  and  that  the 
slab  is  a  homogenous,  elastic,  isotropic  material  cf  constant 
thickness.  The  maximum  stress  theory  is  not  valid  in  the  area 
of  concentrated  load.  Timoshenko  and  Seely  and  Smith  have 
offered  theories  to  correct  this  ^^ituation.  The  validity  of  any 
theory  would  be  a  direct  correlation  between  the  modulus  of 
rupture  of  the  beam  specimens  and  the  ultimate  bending  stress  of 
the  plate  under  ideal  conditions. 

Pyroceram  9606  is  a  homogenous  material  and  cje  to  its  produc¬ 
tion  process  also  is  isotropic.  The  beam  specimens  illustrate 
a  linear  stress-strain  curve  up  to  the  point  of  failure.  The 
plate  specimens  demonstrate  a  near  linear  stress-strain  curve. 
The  differential  is  related  to  the  readjustment  in  the  area  of 
high  stress  concentration.  This  readjustment  must  be  accounted 
for  in  any  modified  maximum  stress  theory. 

A  greater  degree  of  correlation  is  observed  between  the  flex¬ 
ural  strength  of  the  beam  specimens  and  the  ultimate  bending 
stress  calculated  from  Seely  and  Smith's  equation  than  from 
the  approach  offered  by  Timoshenko.  The  degree  of  correlation 
may  be  observed  in  Figure  12.  Due  to  the  small  number  of 
specimens  evaluated  under  this  program,  a  true  correlation 
cannot  be  expected. 

The  deviation  from  the  maximum  stress  theory  was  substantiated 
by  Newmark  and  Lepper  (Ref.  4)  utilizing  plaster  as  the  brittle 
material.  The  plaster  specimens  gave  nearly  straight  stress- 
strain  curvas  up  to  the  point  of  failure.  A  special  theory  was 
proposed  to  account  for  the  concentrated  stress  in  a  circular 
plate.  The  correlation  between  modulus  of  rupture  of  beam 
specimens  and  ultimate  bending  stress  calculated  from  the 
special  theory  was  good. 

Beam  specimens  of  various  sizes  and  thicknesses  were  evaluated 
to  determine  whether  a  size  factor  does  exist.  There  appears 
to  be  a  minute  size- shape  factor  for  Pyroceram  9606.  Neither 
an  increase  in  thickness  or  an  increase  in  span  length  affect 
the  strength  characteristics  greatly.  The  effect  of  thickness 
is  more  significant  ui.der  plate  bending  than  beam  bending. 

These  conclusions  can  only  be  associated  with  one  material, 
Pyroceram  9606,  and  cannot  be  firmly  substantiated  due  to  the 
limited  number  of  specimens  tested. 
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An  analysis  of  the  fracture  surface  of  the  beam  and  the  plate 
specimens  indicates  a  similar  fracture  mode  for  both  types  of 
failures.  The  electron  micrographs  show  both  inter-  and 
transgranular  fracture.  The  existence  of  a  glassy  phase  in  the 
grain  boundaries  often  forms  the  plane  of  weakness  in  a  glass- 
ceramic.  It  is  anticipated  that  the  initial  crack  occurs  as 
intergranular  and  propagates  as  a  combination  fracture , mostly 
transgranular. 

VI.  CONCLUSIONS 

The  conclusions  drawn  from  this  study  are  not  to  be  taken  as 
absolute  but  rather  indications  of  material  behavior.  This  is 
due  to  the  limited  number  of  specimens  involved  in  the  study. 

As  a  result,  a  true  statistical  average  cannot  be  established 
for  the  test  results.  However,  generalized  statements  can  be 
projected.  These  include: 

1.  A  modified  maximum  stress  theory  must  be  utilized  to  des¬ 
cribe  plate  bending  under  the  application  of  a  concentrated 
load. 

2.  The  Seely  and  Smith  approach  to  a  modified  theory  offers 
best  correlation  between  modulus  of  rupture  and  ultimate 
bending  stress. 

3.  There  appears  to  be  a  minute  size- shape  factor  involved 
with  Pyroceram  9606. 

4.  The  mode  of  failure  in  Pyroceram  9606  appears  to  involve 
both  inter-  and  transgranular  fracture  mechanisms. 

5.  Statistical  analysis  of  fracture  data  is  essential  to 
determine  structural  reliability  of  brittle  materials  and, 
hence,  will  be  useful  in  the  selection  of  materials  for 
design. 
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Figure  1.  Rectangular  Beam  Cross-section,  Four  Point  Loading 


Figure  2.  Rectangular  Beam  Cross-section,  Three  Point  Loading 


Figure  5. 


Figure  4.  Flat  Plate  Test  Fixture 


Flat  Plate  Test  Fixture  With  Specimen  in  Place 
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F^^ure  8.  Flat  Plate  in  Furnace,  Elevated  Temperature  Test 
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Figure  7 


Figure  8.  Comparison  of  Square  Plate  Results 
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Figure  9.  Typical  Square  Plate  Bending  Failure 
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I.  INTRODUCTION 

Airborne  radomes  to  date  have  used  monocoque  constructions.  To 
avoid  placing  shadowing  elements  in  the  form  of  supporting  ribs  in  front  of 
the  radar  antenna,  the  airborne  radome  has  consisted  for  the  most  part  of 
a  self-supporting  shell  of  either  i‘iberglas  plastic  laminate  or  hard  fired 
ceramic. 

With  the  lower  speed  aircraft  the  Fiberglas  plastic  laminate  was 
an  ideal  structural  material  for  this  application.  Electrical  properties, 
although  not  as  excellent  as  those  of  hard  fired  ceramics,  were  good 
enough  for  most  applications. 

With  the  advent  of  supersonic  and  hypersonic  aircraft  and  missiles 
aerodynamic  req\xirements  such  as  temperature  and  rain  erosion  resistance 
have  forced  a  trend  to  ceramics.  To  date  the  use  of  ceramics  as  radome 
materials  has  been  limited  to  sm^aLl  radomes  on  m:-»nned  aircraft,  and 
I  where  it  has  been  used  in  the  Larger  «!iz.es  such  as  nose  radomes,  these 

.!  have  always  been  limited  to  unmanmd  missiles,  Thu6  tlie  shift  to  ceramic 

,  radome  materials,  while  b’'.'.nging  about  improved  dielectric  properties  and 
rain  erosion  resistance,  lias  complicated  the  structural  problem, 

T 

These  structural  deficiencies  of  the  best  known  ceramic  radome 
I  materials  in  comparison  with  Fiberglas  plastic  laminates  are: 


1,  Greater  weights 


2,  Lower  flexural  strength  by  a  factor  of  1/2  and  less. 

3,  Higher  elastic  modulus  resulting  in  brittleness,  and 
susceptibility  to  fracture  from  thermal  stresses. 

The  purpose  of  this  radome  development  project  is  to  overcome  by 
suitable  structural  design  these  structural  deficiencies  inherent  in  ceramic 
materials.  The  design  information  resultii  g  from  this  work  should  permit 
application  of  ceramic  dielectric  materials  in  large  airborne  radome s  with 
minimvim  degradation  in  electrical  performance. 

The  approach  in  general  is  to  limit  the  size  of  individtial  sections  of 
ceramic  to  small  enough  sections  that  structural  integrity  is  maintained. 
These  sections  would  have  dimensions  no  larger  than  one  foot  by  one  foot. 
Further,  the  sections  would  be  mounted  into  a  metal  supporting  frame  in 
such  a  way  as  to  have  the  ceramic  itself  responsible  for  a  minimtim  portion 
of  the  mechanical  loads.  The  mounting  is  to  be  accomplished  in  a  manner 
such  as  to  keep  thermal  stresses  to  a  minimum.  Finally  the  entire  arrange¬ 
ment  must  be  such  that  electrical  performance  is  compromised  least  by  the 
presence  of  the  metal  supporting  framework. 

The  use  of  dielectric  sections  in  a  metal  franework  is  not  without 
precedent.  The  large  ground  radomes  have  used  such  constructions 
successfully  for  many  years.  The  secret  of  this  success  has  been  that 
the  dimensions  of  the  metal  ribs  were  a  very  small  part  of  the  antenna 
aperture  and  the  resulting  windows  were  many  wavelengths  in  dimension. 
Such  radomes  are  practically  invisible  to  the  radar  antenna  much  af>  a 
fine-strand  open-mesh  spider  web  or  screen  is  nearly  invisible  to  the 
eye. 


At  the  other  extreme,  successful  designs  have  been  achieved  by 
Stanford  Research  Institute,  Boeing  Airplane  Company,  and  others  on 
small  resonant  window  arrays  where  the  dielectric  section  dimensions 
are  of  the  order  of  a  half  wavelength.  These  constructions  permit  the 
use  of  a  greater  metal  area  than  the  groiind  radome  design,  but  would 
be  subject  to  narrow-frequency-band  performance  due  to  the  resonant 
principle  applied. 

This  leaves  largely  unesqjlored  the  intermediate  design  area  where 
the  metal  supporting  sections  occupy  a  substantial  part  of  the  antenna 
aperture  and  the  ceramic  windows  are  one  to  several  wavelengths  in  size. 
It  is  in  the  design  area  where  possibly  may  be  found  the  best  engineering 
compromises  between  structural  and  electrical  performance  for  the  large 
airborne  ceramic  radome.  It  is  precisely  this  design  area  to  which  this 
program  will  devote  its  attention. 


II.  GENERAL  PROCEDURE 

The  technical  portions  of  the  Statement  of  Work  which  is  a  part  of 
the  Contract  AF33(615)-1376  are  shown  below.  They  are  included  here 
because  they  define  specifically  the  work  to  be  accon^plished  and  form  a 
logical  basis  for  a  general  discussion  of  the  approach  to  the  problem. 


EXHIBIT  "A" 


(STATEMENT  OF  WORK 

Design  Techniques  for  Structurally  Supported  Radomes 

j 

I  Objective;  To  develop  techniques  for  the  design  of  metallic  space  frames 
I  for  mechanically  supporting  large,  sectionalized  radome  structures  without 
I  appreciable  degradation  of  the  electrical  performance, 

I  Requirements ; 

I  a.  The  space  frame  shall  consist  of  ribs  and  rings  to  mechanically 

support  the  dielectric  sections  comprising  the  radome. 

b.  The  space  frame  shall  provide  adequate  mechanical  support  to 
withstand  the  aerodynamic  stresses  and  turbulence  encoimtered  for  prede¬ 
termined  trajectories, 

c.  The  structures  shall  provide  facilities  for  attaching  the  sectionalized 
radome  to  the  vehicle, 

d.  The  structural  members  shall  be  designed  for  the  frequency  band 
from  1  gc  to  25  gc  with  special  consideration  in  the  3  and  10  gc  bands, 

e.  Consideration  shall  be  given  to  the  attachment  of  the  dielectric 
panels  to  the  space  frame, 

f.  The  structure  shall  retain  adeqxiate  mecloanical  strength  at  temper- 
•;  atures  up  to  2500®  F,  for  a  period  of  two  (2)  minutes.  Adequate  protection 
shall  be  provided  to  prevent  oxidation  at  the  maximiun  temperature  require¬ 
ments,  The  thermal  e3q)ansion  of  the  dielectric  and  the  metallic  materials 
shall  be  compatible, 

g.  Design  techniques  shall  be  provided  for  ogival  radomes  from  2  feet 
in  diameter  by  3-1/2  feet  in  length  to  5  feet  in  diameter  by  9  feet  in  length. 
Techniques  for  the  design  of  chin  domes  up  to  6  feet  in  diameter  and  18  feet 
long,  shall  be  included, 

h.  The  final  engineering  report  shall  contain  complete  design  criterion, 
(such  as  charts,  graphs,  or  monograms)  for  space  frames  which  will  provide 
adequate  structural  and  electrical  properties  at  elevated  temperatures,  as  a 
function  of  size,  and  frequency. 


The  work  divides  naturally  into  two  areas,  electrical  and  mechanical. 
In  the  following  sections  these  are  discussed  separately.  In  both  cases  to 
compile  the  desired  design  data,  the  complexity  of  the  problems  are  such  as 
to  dictate  the  ase  of  digital  computers.  The  compviter  facility  for  this  pro¬ 
gram  is  provided  by  Wright- Patter  son  Air  Force  Base. 


III.  ELECTRICAL  DESIGN  DATA 


A,  Theoretical 


Because  of  the  complexity  of  the  problem  of  computing  theoretical 
electrical  performance  of  a  radome  wall  with  metal  supporting  mem¬ 
bers,  it  is  logical  to  follow  the  successful  precedent  of  the  all-dielectric 
radome  wall  design  data  computation.  This  procedure  which  has  stood 
the  test  of  time  on  the  all-dielectric  radome  wall  was  to  assume  that  the 
radome  was  locally  flat  even  though  a  cixrved  shape,  and  thus  compute 
insertion  loss  and  insertion  phase  for  flat  sheets. 

For  this  flat  sheet  problem  with  metal  members  the  parameters 

are; 

1,  dielectric  constant  of  the  ceraunic 

2«  loss  tangent  of  the  ceramic 

3,  thickness  of  the  ceramic 

4,  free  space  wavelength 

5,  shape  of  cross-section  of  metal  members 

6,  dimensions  of  metal  members 

7,  distances  between  adjacent  metal  members  in  two 
perpendicular  planes 

8,  arrangement  of  metal  members 

9,  incidence  angle 

10.  polarization  of  electric  field 

11.  insertion  loss 

12.  insertion  phase 

.1^-,  reflection  loss 

i-i,  reflection  phase 

The  last  four  items  of  this  list  are  of  course  fxmctions  of  the 
first  ten.  Normalizing  all  dimensions  in  the  first  ten  items  of  this 
list  in  terms  of  free  space  wavelength  is  a  convenience  and  eliminates 
one  item. 

To  establish  the  first  Fortran  coniputer  program  for  the  purpose 
of  predicting  transmission  and  reflection  performance  of  this  fenestrated 
flat  sheet  the  procedure  is  as  follows.  Assume  the  two- layer  dielectric 
wall,  Figure  A,  is  fenestrated  by  I-beam  supports.  The  structure  has 
the  same  xy- plane  section  for  any  value  of  the  third  coordinate,  z, 
which  is  normal  to  the  plane  of  Figure  A, 

The  structure  is  treated  as  a  diffraction  grating  of  spacial  period 
xj.  From  the  set  of  incident  and  reflected  plane  waves,  traveling  at 
angles  and  0^  corresponding  to  the  various  constructive  diffraction 
angles  of  the  grating,  we  compute  the  electric  and  magnetic  fields  on 
the  plane  y  =  o,  (See  Figure  B) 


It  may  be  necessary  to  have  I-beams  which  are  thicker  than  the 
ceramic  sections  which  are  to  be  mounted  into  the  I-beam  structure. 
Thus,  within  the  I-beam  structur  ^  there  will  be  two  dielectric  regions 
(1)  and  (2)  as  shown  in  Figure  A,  one  occupied  by  the  ceramic  and  the 
other  by  air. 

From  the  set  of  waveguide  modes  within  these  dielectric  regions 
(1)  «ind  (2),  we  can  compute  the  fields  on  the  plane  yso,  (We  assume 
flange  thicknesses  a  and  b  are  very  small  and  that  the  I-beams  have 
infinite  conductivity, )  By  matching  boundary  conditions  at  y  =  o,  for 
a  discrete  set  of  points  xj^,  we  can  solve  for  a  transmission  matrix 
relating  the  incident  wave  set  to  the  set  of  waveguide  modes. 

The  same  procedure  applied  to  the  boundary  ysy^  +  y2  leadc, 
finally,  to  a  transmission  matrix  relating  the  incident  wave  set  to 
the  transmitted  wave  set. 

The  accuracy  of  the  approximation  increases  as  the  number  of 
waves,  modes,  and  match  points  xj,;.  is  increased,  (Waveguide  modes 
beyond  cutoff  and  external  waves  beyond  real  propagation  angles  are, 
of  course,  included  in  the  set, ) 

A  Fortran  program  lias  been  written  and  some  parts  of  it  have 
been  compiled.  Debug  runs  on  the  complete  program  are  the  next 
step. 


lerimental 


It  is  planned  to  gather  enough  experimental  data  to  verify  the 
results  of  the  theoretical  tabulation  of  insertion  loss  and  insertion 
phase  for  the  fenestrated  flat  sheet.  To  do  this  a  microwave  inter¬ 
ferometer  will  be  used.  Figure  1  is  a  block  diagram  of  the  inter¬ 
ferometer  circuit  which  will  be  used. 


Because  of  the  need  to  have  a  rather  large  test  sample,  at  least 
6  feet  by  6  feet  to  ensure  a  representative  inspection  zone  without  edge 
effects  for  the  test  sample,  and  because  of  the  weight  of  the  sample 
and  need  for  mechanical  stability  during  the  measurement,  a  special 
sample  holder  was  designed  and  built.  Figure  8  is  a  photograph  of 
this  sample  holder  shown  in  place  between  the  two  interferometer 
antennas. 


Since  the  time  schedule  permitted  only  the  fabrication  of  this 
sample  holder  during  the  first  qiiarter,  no  test  data  gained  by  its 
use  can  be  reported  at  this  time.  It  is  expected  that  the  next  quar¬ 
terly  report  will  contain  much  of  this  type  of  experimental  data. 


On  the  other  hand,  during  the  first  quarter,  some  preliminary 
testing  on  a  microwave  interferometer  was  accomplished.  Figures  2 
and  3  are  sketches  of  test  setups  showing  the  horn  arrangements  and 
sample  positions.  Tests  were  performed  at  a  frequency  of  8.  6  Gc, 
The  purpose  of  the  tests  was  to  gain  some  preliminary  information 
on  minimum  spacing  that  can  be  tolerated  between  adjacent  metal 
members  and  on  size  of  the  inspection  zone  that  would  be  represen¬ 
tative  of  a  given  metal  member  ai’-rangement.  All  tests  were  made 


at  45®  incidence,  perpendicular  polarization.  One-inch  steel  I-beams 
(simulated  by  two  channels  back  to  back)  were  used  for  the  metal  mem¬ 
bers,  The  steel  I-beams  were  not  crossed  but  arrayed  only  in  one 
direction  as  shown  in  Figure  2, 

Tlie  measurements  of  insertion  loss  and  insertion  phase  were 
made  as  the  array  of  metal  I-beams  was  moved  in  1 /4-inch  increments 
across  the  line  of  transmission  between  the  tv/o  horns,  I-beam  spacing 
was  varied  in  one-inch  increments  from  two  inches  to  six  inches,  Horn 
aperture  dimensions  were  3*'  x  2  1/16"  and  the  two  apertures  were  13 
inches  apart  along  the  line  of  transmission. 

Figures 4  and  5  are  test  results  for  perpendicular  polarization, 

45®  incidence  with  the  I-beams  arrayed  perpendicularr  to  the  electric 
field  and  the  motion  of  the  array  in  its  own  plane  and  in  the  direction 
of  the  electric  field  as  in  Figure  2, 

Figures  6  and  7  are  test  results  for  perpendicular  pola.rization, 

45®  incidence  with  the  I-beams  arrayed  parallel  to  the  electric  field 
and  with  the  motion  of  the  array  in  its  own  plane  and  perpendicular 
to  the  electric  field  as  in  Figure  3,  Only  five-inch  and  six-inch 
spacings  were  included  in  this  exercise  because  it  was  concluded 
from  the  previous  exercise  that  smaller  spacings  were  not  practical. 

It  is  concluded  tentatively  from  this  test  delta  that  at  8,  6  Gc  the 
minimum  spacing  between  metal  members  in  the  sectionalized  radome 
should  be  of  the  order  of  five  inches.  This  spacing  is  required  to  keep 
the  shadow  area  down  to  a  reasonable  value.  The  large  phase  variations 
shown  in  the  results  of  Figure  4  would,  of  course,  be  expected  to  smooth 
out  when  tests  are  made  with  the  horns  farther  apart  and  with  a  larger 
inspection  zone. 


MECHANICAL  ASPECTS 


A,  Test  Equipment  Design  and  Fabrication 


We  have  completed  design  and  fabrication  of  a  test  stand  for 
electrical  evaluation  of  basic  metal  grids,  e,nd  later  for  possible 
use  with  partial  or  complete  radome  models.  It  will  accommodate 
test  grids  with  longitudinal  members  6  feet  long,  with  these  mem¬ 
bers  either  parallel  or  perpendicular  to  electric  field  for  either 
parallel  or  perpendicular  polarization  at  any  angle  of  incidence. 

The  support  frame  may  be  tilted  on  a  horizijntal  axis,  to  adjust 
angle  cf  incidence  in  increments  of  5°  to  a  maximum  approaching 
90®  either  side  of  normal.  The  support  frame  may  be  moved  for 
scanning  in  its  own  plane  perpendicular  to  axis  of  tilt.  The  overall 
support  assembly  is  freely  movable  on  rigid-mounted  locking  casters. 
With  the  base  fixed  in  location  by  locking  the  casters,  the  entire  super- 
structurethen  may  be  moved  for  lateral  scanning.  Also  provided  is  a 
means  of  scanning  parallel  to  line  of  transmission.  Several  types  of 
transmitting  and  receiving  antennas  may  be  interchangeably  mounted 
at  fixed  elevation  on  supports  which  are  movable  along  a  fixed  track, 
to  maintain  alignment  but  permit  ready  adjustnent  of  antenna  spacing. 


'i 


I 
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This  equij^ixnent  has  been  set  up  in  Bccosorb  Anechoic  Chamber 
No,  309  at  our  Plant  2  in  Canton,  to  provide  suitably  reflection- free 
environment, 

B,  Definition  of  External  Load  Conditions 


1,  General  Discussion 


Developmental  mechanical  engineering  to  date  has  been 
aimed  mainly  at  determining  a  somid  basis  for  de^nition  of 
aerodynamic  load  conditions  bearing  on  the  exterior  of  a 
radome.  Of  prime  importance  are  normal  pressure  and  heat, 
i.  e,  temperature  and  best  flux.  Drag  loads  are  esq^ected  to  be 
of  Lower  value  and  significance  and  probably  can  be  evaluated 
as  a  ratio  to  the  pressure.  Inertial  loads  will  be  independent 
of  environment.  All  these  will  be  developed  later. 

The  contract  specification  of  external  Loading  conditions 
is  only  the  very  brief  statement  ‘'The  structure  shall  retain 
adequate  mechanical  strength  at  temperatures  up  to  2500*  F, 
for  a  period  of  two  (2)  minutes". 

The  temperature  is  stated  clearly  as  a  maximum,  which 
we  take  to  mean  the  highest  temperature  reached  in  any  part 
of  the  structure.  This  immediately  raises  the  question  what 
temperatures  may  be  reached  in  otixer  parts  and  requires  that 
we  determine  a  reasonable  pattern  of  temperature  distribution 
to  keep  local  design  in  step  with  local  conditions. 

The  time  specification  of  exposure  to  2500*  F  for  only  two 
minutes  appears  to  have  no  significance  as  related  to  pressure 
effects,  which  would  be  felt  immediately  throughout  the  structure. 
However  it  must  be  considered  with  relation  to  thermal  effects, 
since  this  period  of  time  probably  is  too  short  to  even  approach, 
steady- state  condition.  Under  the  e3q)ected  high  heat  flux  the 
interior  of  the  dielectric  panels  will  lag  appreciably  below  theo¬ 
retical  steady-state  temperatures  and  thermal  stresses  thus  will 
be  accentxiated.  We  expect  interest  will  develop  also  in  thermal 
history  immediately  prior  to  exposure  to  maxiuium  design  condi¬ 
tions,  and  will  require  establishing  a  typical  mission  profile. 

To  derive  a  pattern  of  distribution  and  to  determine  load¬ 
ing  conditions  other  than  temperature,  we  must  assxime  a  set  of 
flight  conditions  which  reasonably  could  induce  such  temperature. 
The  prime  variable  in  this  respect  is  speed,  expressed  most 
usefully  as  Mach  number,  A  temperature  of  2500*  F  corresponds 
approximately  to  Mach  5,  0,  and  we  have  set  this  as  a  target  level, 
with  the  intent  of  including  information  for  higher  values  to  l^ch  6, 

Next,  we  assume  that  there  is  interest  in  flight  conditions 
less  severe  than  those  for  2500* F,  Therefor  we  are  taking  as  our 
field  of  interest  the  range  of  Mach  numbers  from  approximately  6, 
down  to  an  arbitrary  minimum  of  2,  0, 


In  addition  to  tempeirature  we  must  know  the  values  of  heat 
flux  into  the  wall  at  significant  points*  Obviously  we  must  know 
also  the  magnitude  and  distribution  of  pressure.  Since  an  ogive 
is  a  body  of  revolution  wiiose  orientation  about  its  central  axis 
cannot  necessarily  be  predicted  in  flight,  we  must  design  for 
the  maximvim  local  load  that  reasonably  can  be  expected  at  any 
point  within  each  increment  of  length.  Further,  any  departure 
from  a,dsymmetric  loading  must  be  evaluated  so  we  can  deter¬ 
mine  bending  loads,  both  locally  and  in  the  overall  strucutre. 
Therefor  we  must  determine,  for  each  increment  of  length, 
the  maximum  and  minimiim  simultaneous  values  of  pressure 
and  their  relative  orientation,  for  all  reasonably  conditions  of 
flight. 

Working  J-c  -^ard  such  an  evaluation  for  this  project,  we  found 
several  sources  which  gave  values  for  the  resultant  pressure  and 
temperature  level  on  complete  ogive  shapes,  but  only  one  which 
spelled  out  a  method  for  determining  local  pressures,  tempera¬ 
tures  and  heat  flux  at  all  points.  This  source  is  WADD  TR  59-22, 
from  which  we  have  built  the  method  we  propose  using  to  define 
aerodynamic  loads. 

WADD  TR  59-22,  ’’Aerodynamic  and  Structural  Analyses  of 
Radome  Shells"  February,  1961,  presents  methods  for  computing 
values  of  local  pressures  and  of  temperature  and  heat  flux  at  all 
parts  of  various  shapes  cf  radomes  including  tangent  ogives  in  a 
range  of  fineness  ratios,  when  subjected  to  a  range  of  flight  condi¬ 
tions  which  covers  adequately  the  requirements  of  this  project. 
Volume  I,  Chapter  I,  Part  C  is  titled  "Methods  of  Calculating  the 
Pressure  Distribution  on  Various  Nose  Shapes  at  Small  Angle  of 
Attack  in  the  Range  of  Mach  Numbers  from  0,9  to  7,  0"  and  Part  D 
is  titled  "Calculation  of  Heat  Transfer  to  Radome-Shaped  Bodies", 

Both  of  these  parts  are,  in  our  opinion,  sufficiently  current 
and  authoritative  to  warrant  their  combined  xxse  as  a  sole  basis 
for  definition  of  aerodynamic  loads  to  the  full  extent  of  their 
applicability. 

For  the  present  we  are  restricting  our  attention  to  complete 
tangent  ogives.  Any  subsequent  interest  in  secant  ogives  can  be 
satisfied  by  considering  them  as  tangent  ogives  of  the  same  nose 
angle  but  of  less  than  full  tangent-ogive  length.  Loads  on  the 
body  portion  immediately  aft  of  the  radome  will  differ  markedly 
between  tangent  and  secant  noses,  but  are  outside  the  scope  of 
this  project. 

We  are  not  presently  recognizing  chin  radomes  as  distinct 
from  complete  tangent  ogives,  under  the  assumption  that  a  chin 
radome  will  be  shaped  as  a  portion  of  a  tangent  ogive  whose  con- 
figtiration  is  completed  by  adjacent  supporting  structure. 


2.  Aerodynamic  Pressures 


TM 


The  basic  equation  for  local  pressure  on  tangent  ogives  as 
given  of  Page  91  of  WADD  TR  59-22  reads: 
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Values  of 


Pressure  coefficient 

Ratio  of  Specific  heats 

Mach  number,  free  stream  conditions 

Mach  number  immediately  behind  shock  wave 

Mach  ntamber  at  nose 

Local  normal  pressure,  psi 

Free  stream  atmospheric  pressure,  psi 

Local  slope  of  body  relative  to  axis 

Initial  slope  at  nose,  relative  to  axis 

Angle  of  attack,  radians 

Angular  coordinate  measured  from  extreme 
windward  meridian 

^s_^  >  and  Ms  6n  are  given  in 

Fq  /^=o  Mjq 


-1 


Table  I,  (Page  103  of  WADD  TR59-22)  in  terms  of  Mo  6N  and 
for  various  values  of  i>,  Cp  can  be  defined  by  the  conven- 

Ps  -  Po 


tional  relation:  C, 


Since  the  end  use  of  this  entire  effort  will  be  in  determining 
dimensions  of  metal  frame  members  and  of  dielectric  panels, 
and  structural  computations  for  such  are  commonly  based  on 
inches  rather  than  on  feet,  we  prefer  to  use  the  inch  basis  from 
the  start,  e,  g.  esqiressing  all  pressures  in  psi  rather  than  psf. 
This  fits,  too,  the  usual  v/ay  of  thinking  of  atmospheric  pressure, 
for  example  as  14,  7  psi  for  sea-level  pressure. 


Since  we  have  nc  interest  in  Mach  numbers  above  7,  we  are 
concerned  only  in  regions  where  WADD  TR 59-22  shows  that 
perfect  gas  relations  are  valid  and  v,  the  ratio  of  specific  heats, 
is  constant  at  a  value  of  1,4,  Using  this  value,  and  re-arranging 


terms  for  easier  computation,  we  re-write  the  equations  thus: 
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It  is  evident  in  the  eqtiation  that  pressure  distribution,  as 
related  to  radome  configuration,  is  dependent  only  on  nose  angle 
and  local  slope,  therefor  only  on  Fineness  Ratio  or  L/D,  and 
thus  is  independent  of  relative  size.  This  mades  it  practical  to 
base  pressure  computations  only  on  L/D,  and  to  relate  distribu¬ 
tion  to  length  normalized  at  a  value  of  1,  0. 


It  is  also  evident  that,  since  actual  magrJ.tude  of  ambient 
or  free-stream  pressure  is  introduced  only  as  a  multiplier  in 
the  final  step  of  determining  magnitude  of  local  pressure,  and 
in  all  prior  work  these  two  appear  only  as  their  ratio,  it  is 
practical  to  compute  local  pressures  corresponding  to  only  a 
single  arbitrary  free-stream  pressure  (e,  g,  for  sea  level), 
and  to  derive  values  for  another  free-stream  pressure  by 
direct  ratio  to  the  magnitude  of  that  pressure. 


We  have  set  up  a  standard  fill-in  sheet  to  facilitate  repeated 
manual  computation,  and  used  it  to  make  a  series  of  determina¬ 
tions  of  local  normal  pressures,  first  along  a  single  meridian 
from  nose  to  base  at  zero  angle  of  attack  for  Mach  5,  0  at  sea 
level.  This  was  done  to  determine  the  possible  maximum  loads 
we  might  conceivably  be  faced  with  in  straight  flight.  We  pre¬ 
sume  that  there  is  very  little  probability  of  reqixiring  design 
for  Mach  5  flight  at  or  near  sea  level,  and  in  this  respect  our 
work  with  this  speed  results  in  unrealistically  high  loads.  How¬ 
ever  it  should  be  considered  as  basic  data  which  can  be  readily 
adjusted  for  higher  altitudes. 


Then,  to  explore  the  effects  of  yaw,  which  would  occur  in 
maneuvering,  we  repeated  the  computation  using  a  tabulated 
value  from  Table  I  (of  WADD  TR 59-22)  corresponding  to  14,3* 
angle  of  attack  and  determining  normal  pressure  at  radii  in  the 
plane  of  yaw  and  at  90*  and  180“  from  it. 


Results  of  these  exploratory  manual  computations  are  plotted 
in  Figure  9«  Considering  first  the  curve  of  zero  yaw  (straight 
flight)  it  is  interesting  to  note  the  eye-opening  value  of  over  200 
psi  for  local  pressure  at  the  nose  (this  indicates  the  probability 
of  formidable  loads  even  after  downward  adjustment  for  altitude) 
and  the  extreme  rapidity  of  decrease  in  pressure  on  moving  aft, 
nearly  to  one-half  this  value  at  only  0,  2  L,  and  to  less  than  7% 
of  nose  value  at  the  base. 


This  indicates  pronounced  localization  of  peak  pressures 
near  the  nose  where  configuration  is  small  and  ot  sharp  curva¬ 
ture,  thus  is  most  able  to  resist  pressure  load.  It  indicates 


increasingly  lower  pressure  on  moving  aft  where  configuration 
is  larger  and  tending  to  flatten  locally.  Considered  within  the 
concept  of  framing  with  rings  and  longitudinal  spars,  the  trend 
in  pressure  distribution  is  to  high  values  where  skin  area  is 
small,  and  imsupported  spans  of  dielectric  and  of  freime  are 
best  made  short  and  to  low  values  where  they  are  best  made 
longi  Compatibility  thus  seems  to  be  excellent. 

Liooking  now  at  the  three  curves  for  14®  yaw,  we  see  that 
nose  pressure  on  the  windward  side  has  increased  only  very 
slightly,  but  that  nose  pressxxres  at  90®  and  180®  to  direction 
of  yaw  have  dropped  drastically  from  straight  flight  value. 

We  see  further  that  on  moving  downstream,  the  pressure  in 
the  direction  of  yaw  decreases  substantially  less  tixan  does 
that  for  the  zero- yaw  curve  so,  at  the  base  of  the  ogive 
(L  s  1.0),  it  stands  at  about  170%  of  the  zero-yaw  curve 
while  the  pressures  for  radial  planes  at  90®  and  180®  from 
plane  of  yaw  show  respective  values  of  only  70%  and  20%  of 
the  zero-yaw  values.  Thus  there  is  A-ery  substantial  differ¬ 
ence  in  magnitude  of  local  pressure  among  the  planes  of 
different  orientation  relative  to  direction  of  yaw. 

The  end  result  of  this  in  an  actual  radome  would  be  an 
unbalanced  load  of  substantial  magnitude  acting  on  each  incre¬ 
ment  of  length  and  always  in  a  single  direction,  which  would 
develop  into  a  large  cumulative  value  of  bending  moment  that 
must  be  resisted  by  the  structxiral  space  frame.  Obviously 
this  must  be  recognized  in  the  mechanical  design, 

3,  Thermal  Loads 

WADD  TR^-9-2E,  Chapter  I,  Part  E,  titled  "Charts  and 
Equations  for  the  Determination  of  Aerodynamic  Heat  Transfer 
to  Radome-Shaped  Bodies"  includes  a  portion  dealing  with 
ogives.  Section  3  A  of  Part  E  presents  a  step-by-step  pro¬ 
cedure,  together  with  necessary  charts,  for  deriving  values 
for  several  intermediate  functions  which  then  are  used  in  a 
first  simple  computation  to  come  up  with  the  local  values  of 
temperature  and  of  heat  flux  under  laminar  flow  and  again  in 
a  second  similar  computation  for  heat  flux  under  turbulent 
flow. 


This  procedure  appears  to  be  intractable  for  manxial  cal¬ 
culation  except  for  spot  values  but  to  be  readily  adaptable  to 
computerization..  The  major  part  is  straightforward.  With 
chart  reference  data  programmed  from  punched  cards  or, 
where  such  may  be  available,  introduced  as  an  original  mathe¬ 
matical  equation,  the  computer  is  reqxiired  only  to  perform  a 
fairly  complex  series  of  very  simple  operations,  all  free  of 
uncertainty  except  as  we  note  below. 

One  source  of  uncertainty  is  the  following.  The  referenced 
section  of  WADD  TR"9-22  indicates  that  an  area  of  uncertainty 
exists  in  this  procedure  in  that  one  cannot  predict  readily  whether 
actual  flow  over  an  ogive  shap^  will  be  laminar  or  turbulent*  The 


values  of  heat  fltix  derived  for  these  two  conditions  differ  widely. 
Since  we  see  no  immediate  way  to  resolve  this  uncertainty,  we 
will  compute  heat  fltix  and  other  thermal  functions  for  each  of 
these  modes  of  heat  transfer,  coming  up  with  one  set  of  values 
based  on  lower  transfer  rate  for  laminar  flow  and  another  set 
based  on  higher  transfer  for  turbulent  flow.  The  user  of  the 
data  must  weigh  the  degree  of  conservatism  he  wants  to  incor'* 
porate  in  his  design  and  thus  establish  a  suitable,  probably 
intermediate  value  for  each  thermal  function.  Thus  this 
uncertainty  can  be  resolved  through  exercise  of  judgment  by 
the  designer. 

There  is  another  source  of  uncertainty.  Part  way  through 
the  procedure  one  is  required  to  assume  a  skin  temperature. 

The  mathematics  can  be  handled  by  selecting  several  values 
and  completing  the  computation  for  each,  thus  deriving  several 
combinations  of  wall  temperature  and  associated  "external" 
heat  flux.  The  true  values  then  would  be  identified  through 
several  separate  computations  of  "internal"  heat  flux,  all  for 
a  single  proposed  physical  wall  structure  but  assuixiing  for 
each  a  s^n  temperature  identical  with  one  assumed  for  the 
"external"  computation.  The  true  values  of  temperature  and 
heat  flux  then  would  be  those  which  are  identical  in  both  "ex¬ 
ternal"  and  "internal"  computations.  Thus  we  do  not  see  the 
uncertainty  as  lying  in  the  mathematics  per  se,  but  rather  in 
the  selection  of  specific  values  of  temperature. 

Where  one  prime  objective  of  this  computation  is  the  deter¬ 
mination  of  the  very  temperature  we  are  now  forced  to  assTune, 
and  it  is  likely  to  vary  with  location,  it  may  not  be  practical  to 
assume  fixed  values  for  use  at  all  locations.  Thus  we  should 
seek  a  basis  for  selecting  several  temperatures  which  will 
provide  sufficient  spread  at  a  point,  but  for  varying  this  selec¬ 
tion  from  point  to  point  so  that  suitable  spread  is  provided  at 
each. 

The  most  promising  approach  now  appears  to  exist  in  relating 
the  assumed  wall  temperatxire,  T^,  to  the  local  adiabatic  wall 
temperature,  which  supposedly  varies  with  location  in  a 

manner  similar  to  that  of  the  act\w,l  wall  temperature.  Thus  the 
assumed  values  of  T^  might  be  defined  as  ,  95 Taw,  ,  90Taw, 

,85 Taw  and  ,80Taw  to  suit  several  different  characteristics  of 
wall  construction.  Since  the  computed  value  of  Taw  depends  on 
the  assumed  value  of  Tw,  this  concept  of  basing  Tw  on  Taw  re¬ 
quires  that  the  computer  (human  or  ^gital)  perform  repeated 
trial-and-error  computation,  checked  by  feeding  back  revised 
values  of  Taw  until  Tw  does  in  fact  come  out  at  the  assumed 
relation  to  Taw,  This  somewhat  complex  procedure  seems 
practical  for  the  digital  computer,  though  quite  tedious  for 
manual  calculation. 

Work  to  date  has  not  produced  results  in  sufficient  volume 
to  justify  freezing  on  this  method.  We  will  continue  this  work 
into  next  quarter,  and  also  will  look  for  possible  ways  of  re¬ 
lating  temperature  to  local  pressure  or  to  some  other  function 


so  angle  of  attack  may  be  recognized  in  the  computation. 

The  possibility  exists,  of  course,  that  knowledge  may  have 
been  gained  subsequent  to  publication  of  WADD  TR  59-22  of  which 
we  are  not  aware  and  which  will  permit  better  definition  within 
this  area.  We  solicit  comments^ 

4,  Computerization 

a.  Pressure  Tables 


It  is  evident  that  comptitation  such  as  described  above 
for  the  naan/  combinations  of  variables  is  impractical  by 
manual  methods.  Therefore  we  have  performed  preliminary 
planning  of  a  set  of  computerized  tables  to  read  out  basic 
aerodynamic  prcssixre  load  data  for  tangent  ogive  shapes. 

Input  related  to  flight  will  be  free« stream  Mach  number 
and  angle  of  attack,  for  10  Mach  numbers  from  2.  0  to  6,  0 
selected  for  roughly  linear  increments  of  M^,  and  for  three 
angles  of  attack,  e,g.  0*,  10*  and  20*, 

The  tables  will  read  out  only  for  sea  level,  since  me¬ 
chanical  data  for  other  altitudes  can  be  derived  from  the 
ratio  of  ambient  presstires.  Presentation  will  include 
properties  of  the  ICAO  standard  atmosphere. 

Input  related  to  radome  configuratior  will  be  only  the 
fineness  ratio,  L/D.  Length  will  be  nomoalized  as  L  a  I.  0, 
We  will  tabulate  for  10  values  of  L/D  from  1, 6  to  3, 3,  with 
increments  of  0«  1  at  the  low  end  increasing  to  0,  2  and  to  0. 3 
maximxuxi.  This  will  cover  the  range  of  sizes  mentioned  in 
the  Statement  of  Work,  which  correspond  to  L/D  ratios  from 
1,  75  to  3.  0  assuming  the  speciHed  maximum  size  of  chin 
dome  is  a  portion  of  an  ogive. 

The  program  will  include  data  from  WADD  TR  59-22 
either  as  tabular  and  plotted  data  transferred  to  punched 
cards,  or  as  original  mathematical  expressions  where 
they  may  be  available. 

Read-out  data  will  be  presented  in  10  major  sections, 
one  for  each  of  the  indicated  Mach  numbers.  Within  each, 
there  will  be  10  sub-sections  for  the  10  indicated  values  of 
Fineness  Ratio.  Each  such  sub-section  will  start  with  a 
sub- routine  identifying  Mach  n\3mber  and  L/D  ratio,  and 
showing  (e.  g. )  computed  radius  of  curvature  for  the  spe¬ 
cific  Fineness  Ratio. 

Asstuning  60- line  pages,  data  under  each  sub- section 
will  be  printed  in  8  or  more  lines  for  axial  stations  corre¬ 
sponding  to  decimal  values  of  X/L  from  0  (nose)  to  1,  0 
(base)  omitting  0,9  and  possibly  0.  7  and  0,  5  as  required 
to  fit  available  page  space.  Organized  in  this  maimer, 
the  tables  will  run  to  a  total  of  20  pages. 


Coltmmar  data  wrilL  be  presented  for  each  of  the  functions 
listeJ  below,  probably  as  4  digits  with  the  intent  of  showing  a 
mininaum  of  3  significant  figures,  tising  multiplying  factors 
as  powers  of  10  in  the  column  headings  where  necessary. 

Each  printed  line  will  include  a  value  in  each  of  the 
following  colimms: 

3  columns  for  basic  geometry,  e.  g.  ,  local  diameter  in  inches, 
local  slope  of  the  wall,  and  total  area  in  square  inches 
integrated  from  the  nose  to  the  local  station. 

3  columns  for  0*  angle  of  attack,  e.  g, ,  local  normal  pj'es- 
sure  as  psi;  local  hoop  compression  as  pounds  force 
per  inch  of  length;  and  total  axial  load  in  potmds  inte¬ 
grated  from  the  nose. 

5  coltunne  for,  e.  g.,  10*  angle  of  attack,  including  3  values 
of  local  normal  pressttre  in  psi  for  radial  planes  at  0*, 

90*  and  180*  respectively  from  the  plane  of  yaw;  one 
value  of  total  axial  load  in  pounds  force,  integ.*ated 
from  the  nose;  and  local  bending  moment  in  inch- 
pounds,  derived  from  algebraic  summation  of  radial 
vectors  parallel  to  plane  of  yaw,  and  integrated  from 
nose  to  plane  of  local  station. 

5  similar  columns  for,  e.  g. ,  20*  angle  of  attack. 

It  now  seems  practical  to  use  values  from  the  tables  to 
come  up  with  corresponding  values  for  any  specific  radome 
configuration  within  the  contemplated  parameters,  simply 
by  multiplying  tabulated  values  by  suitable  factors,  each  of 
which  consists  only  of  suitable  powers  of  actual  length,  L, 
in  inches. 

b.  Thermal  Tables 


As  a  companion  to  the  pressure  load  tables  described 
above,  we  have  also  planned  a  set  of  computerized  tables 
to  read  out  aerodynamic  thermal  data  for  tangent  ogive 
shapes.  Based  on  the  method  described  above,  it  antici¬ 
pates  success  in  confirming  validity  of  this  method.  We 
are  confident  the  major  concepts  will  hold  with  minor 
changes. 

It  now  appears  pract  ical  to  program  this  set  with  pa¬ 
rameter  s  and  physical  arrangements  identical  with  those  of 
the  pressure  tables  for  Mach  nxunber,  L/D  ratio  eind  station 
locations,  X/L,  Since  the  method  of  thermal  computation  in 
WADD  TR 59-22  does  not  accoimt  for  other  than  straight 
flight,  all  reference  to  non-zero  angle  of  attack  will  be 
omitted  but  we  e3q)ect  to  develop  simple  methods  of  esti¬ 
mating  the  effects  of  yaw  and  of  adjusting  the  straight-flight 
values,  probably  through  reference  to  pres  stir  e  variations 
with  yaw,  which  will  be  determined  in  the  pressure  tables. 


Where  the  read>out  values  of  the  pressure  tables  can 
be  easily  adjusted  for  different  altitudes  and  thus  the  pa>- 
raxneter  of  altitude  is  omitted,  altitude  now  must  be  rec» 
ognized  in  the  thermal  tables  since  much  of  the  basic  data 
in  WADD  TR  59-22  assiunes  knowledge  of  its  value.  Thus 
we  may  be  forced  to  esqpand  the  volume  of  the  thermal 
tables  over  that  of  the  pressure  tables,  probably  in  the 
ratio  of  the  number  of  values  of  altitude  that  may  ultimately 
be  included. 

Assuming  5  values  of  altitude  may  be  of  interest,  this 
would  lead  to  a  total  of  100  pages  of  data.  This  number 
might  be  reduced  if  it  was  decided  that,  for  example,  the 
highest  Mach  nxmibers  could  be  omitted  at  low  altitude, 

(quite  possible)  and  that  conversely  the  lowest  Mach 
numbers  could  be  omitted  at  high  altitude  (less  likely). 

This  we  estimate  might  reduce  the  printed  volume  by 
not  more  than  1/3,  or  to  approximately  70  pages  mini¬ 
mum.  The  main  justification  for  this  reduction  would  be 
in  saving  computer  time.  Time  to  program  would  only 
be  increased. 

For  best  compatibility  in  use  of  this  set  of  tables  with 
tb.e  pressure  tables,  we  will  retain  identical  arrangement 
of  pages  and  of  main  and  sub- sections  as  related  to  Mach 
nmnber  and  Fineness  Ratio,  L/D,  and  also  with  printed 
lines  associated  with  identical  station  locations.  This 
should  restilt  in  naaximum  ease  of  cross  referencing. 

Each  printed  line  will  include  a  computed  value  in 
each  of  the  following  cohunns: 

1  column  showing  distance  from  nose  to  local  station, 
measured  along  the  exterior  surface  of  tlie  wall. 

6  columns  related  to  Tw  s  e,  g.  0. 95  Taw,  consisting  of 
3  coLuznns  for  laminar  flow  and  3  for  turbulent  flow. 

Each  group  of  3  will  show  values  of  Tw  as  local  wall 
temperature,  of  q  as  local  heat  fltix  in  BTU/sec  -  ft^, 
and  of  total  heat  fltix  integrated  from  the  nose  to  the 
local  station,  in  BTU/sec, 

6  similar  columns  for  TW  =  e,  g,  0.90  Taw. 

6  similar  columns  for  TW  =  e.  g.  0.85  Taw. 

As  with  the  mechcinical  tables  described  previously, 
these  tables  will  be  based  on  normalized  value  of  L  x  1.  0, 
Values  of  thermal  properties  rea.d  from  the  tables  can  be 
converted  to  those  for  any  specific  size  of  radome  through 
use  of  simple  factors  each  of  wMch  is  composed  of  a  suitable 
power  of  the  actxxal  radome  length,  L. 


V,  LOOKING  AHEAD 


A,  Electrical  Work 


The  theoretical  work  for  the  next  quarter  will  consist  of 
debugging  the  Fortran  computer  program  for  prediction  of  inser¬ 
tion  loss  and  insertion  phase*  It  is  expected  that  this  will  progress 
to  the  stage  of  completion  of  theoretical  work  on  the  flat  sectional- 
ized  sheets. 

With  the  sample  holder  now  completed,  it  is  planned  to  conduct 
tests  on  a  large  number  of  variations  of  flat  sheet  design,  including 
some  with  dielectric  inserts,  when  time  permits, 

B,  Mechanical  Work 


The  work  thus  far  has  provided  a  sound  basis  for  definition  of 
external  pressure  loading  on  tangent  ogive  radomes.  The  tentative 
method  fc j  defining  skin  temperature  and  heat  flux  incident  on  the 
outer  skin  requires  minor  refinement.  Both  require  programming 
and  computerization. 

Next  phase  will  be  to  look  at  internal  effects  of  these  external 
conditions,  starting  with  thermal  and  mechanical  effects  within  the 
dielectric  windows.  Thermal  stress  looms  as  possibly  the  major 
consideration  in  their  design.  This  work  should  define  a  maximum 
size  of  window  and  indicate  a  practical  range  of  thickness  for  typical 
candidate  materials.  Concurrent  electrical  work  can  be  expected  to 
define  minimum  dimensions  and  acceptable  thicknesses  and  properties. 

Following  phases  then  can  develop  dielectric  window  configura¬ 
tions  and  compositions  optimized  with  parallel  development  of  space 
frame  configxiration  and  materials. 
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FIGURE  A 


DIELECTRIC  WALL,  FENESTRATED  BY  I-BEAM  MEMBERS 
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FIGURE  B 


ANGLES  OF  INCIDENCE,  REFLECTION,  AND  TRANSMISSION 
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FIGURE  8 


ARRANGEMENT  OF  SAMPLE  HOLDER 
WITH  X-BAND  INTERFEROMETER 
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LOCAL.  NORMAL  PRESSURE  =  Pg  (psi) 
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1.  INTRODUCTION 

The  experience  gained  and  the  excellent  results  obtained  with  smaller 
{17-ft  and  26-1/2 -ft)  monolithic  foam  radomes  warranted  serious  consid¬ 
eration  of  their  feasibility  for  larger  applications.  This  feasibility  can 
now  be  assured,  based  on  extensive  environmental,  structural,  electri¬ 
cal,  and  fabrication  technique  investigations  that  have  been  made.  The 
combined  advantages  of  highest  transmission  efficiency  over  the  entire 
frequen-'y  range  and  extremely  low  boresight  error  can  now  be  offered 
in  a  55-ft-diameter  radome.  This  size  will  accommodate  a  variety  of 
antenna  systems,  including  FPS-3,  6,  7,  20,  26,  and  27  and  will  enhance 
the  performance  of  any  of  these  radars. 

Goodyear  has  produced  radomes  using  five  different  basic  types  of  con¬ 
struction  (see  Figure  1)  in  a  wide  range  of  sizes.  These  are 

1.  Metal  space  frame  with  thin  skin 

2.  Honeycomb  sandwich  with  channel  joints 

3.  All -foam  bonded  joint 

4.  Bolted-flange  solid  laminate 

5.  Inflatable 

This  background  provides  performance  data  for  all  types  that  can  be  the 
basis  for  a  valid  performance  estimate  of  a  given  type  in  some  other  size. 

Figure  2  shows  the  transmission  efficiency  that  is  obtainable  with  a  mono¬ 
lithic  foam  radome  compared  with  that  of  four  other  types  of  construction 
that  have  been  employed  in  larger  sizes.  Because  it  offers  the  best, 
rather  than  compromise  performance,  and  because  it  does  not  require 
pressurization,  air  locks,  and  continuous  monitoring,  and  is  less  subject 
to  environmental  hazards,  a  thorough  investigation  of  the  feasibility  of  a 
larger  monolithic  foam  radome  was  made. 
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Figure  2  -  Transmission  Efficiency  of  Five  Types  of  55-Ft-Diameter 
Radomes 
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Based  on  world-wide  environmental  requirements,  the  structural  aspects 
of  the  required  radome  were  studied  thoroughly  to  establish  unit  details 
for  electrical  evaluation.  The  study  included  structural  analysis,  a  manu¬ 
facturing  design,  and  an  extension  to  the  55-ft-diameter  size  of  the  com¬ 
ponent  manufacturing,  field  erection,  and  protective  techniques  already 
established  for  the  17 -ft-diameter  radomes  that  are  presently  in  service. 
The  structural  investigation,  which  is  described  later,  resulted  in  the  se¬ 
lection  of  5.  5-in. -thick,  6-pcf  polyurethane  wall  sections  to  be  the  basis 
for  the  electrical  properties  study. 

2.  .ELECTRICAL  CONSIDERATIONS 
a.  General 


The  monolithic  foam  radome  represents  a  definite  advancement  in  the 
state  of  the  art  of  large  ground  radomes.  This  radome  offers  the  ad¬ 
vantage  of  being  extremely  broad  banded.  It  will  provide  average  one¬ 
way  power  transmission  of  over  90  percent  at  frequencies  from  uhf 
through  X-band.  At  many  frequencies,  the  transmission  efficiency 
will  exceed  95  percent.  Figure  3  shows  flat-panel  one-way  power 
transmission  characteristics  at  1350  me,  2400  me,  2800  me,  5400 
me,  and  5900  me.  The  radome  also  will  provide  low  boresight  error 
anc  error -rate  properties  over  a  broad  range  of  frequencies.  The 
boresight  error  for  one  antenna  studied  is  expected  to  be  ±0.  15  mill:.- 
radian  or  lower,  it  being  understood  that  the  antenna  pattern  is  sym¬ 
metrical  with  respect  to  the  radome  and  that  the  gimbal  axes  are  on 
the  spherical  axis  of  the  radome,  Boresight  errors  of  the  order  of 
±0.  03  milliradian  can  be  achieved,  depending  on  the  operating  fre¬ 
quency,  the  particular  antenna -radome  combination,  and  the  total 
magnitude  of  the  fabrication  tolerances  that  are  maintained.  The  ra¬ 
dome  is  expected  to  cause  a  less  than  10-percent  change  from  the 
free-space  vswr  of  the  system  antenna. 

The  change  in  the  half -power  beam  width  of  the  main  lobe  and  the 
gain  in  side-lobe  levels  is  expected  to  be  small.  The  actual  changes 
that  will  occur  will  be  dependent  on  the  initial  antenna  characteris¬ 
tics  without  the  radome  and  must  be  evaluated  on  an  individual  basis. 

To  ensure  that  uniformity  of  individual  panels  is  maintained  each 
panel  should  be  tested  in  a  two-horn  interferometer  similar  to  that 
shown  in  Figure  4. 

b.  Material  Characteristics 

The  dielectric  constant  and  loss-tangent  properties  of  5.  5-in. -thick, 
6-pcf  polyurethane  foam  are  shown  in  Figure  5.  For  a  six-pound- 
density  foam,  the  dielectric  constant  will  be  1. 095  and  the  loss  tan¬ 
gent  will  be  0.  00144.  These  low  values  of  dielectric  constant  and 
loss  tangent  will  cause  only  a  small  portion  of  the  energy  to  be  re¬ 
flected  or  dissipated,  thus  allowing  broad-band  performance. 

Panel  density  will  have  to  be  held  to  ±0.  3  pcf  or  less  and  even  more 
stringent  toleravices  will  be  necessary  for  extremely  low  boresight 
radomes.  Figure  6  shows  the  variation  of  transmission  and  insertion 
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Figure  3  -  Flat-Panel  One-Way  Power  Transmission  Characteristics  of 
Polyurethane  Foam  at  Various  Frequencies  and  Densities 
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READING  INSERTION  PHASE  DATA 

Figure  4  -  Two-Horn  Interferometer 
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Figure  6  -  Transmission  an<d  Insertion  Phase  versus  Density  of 
Polyurethane  Foam 
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phase  as  a  function  of  incidence  angle  for  6-pcf  (±0.  3)  density  foam 
at  S-band.  The  change  in  the  transmission  and  insertion  phase  for 
the  different  densities  is  relatively  small.  Also,  certain  fabrication 
intolerances  will  be  averaged  out  because  a  large  number  of  panels 
will  be  seen  by  the  antenna  for  any  given  look  angle.  This  factor  will 
help  to  obtain  a  very  low  boresight  error. 

Boresight  Error 

(1)  Sources 

(a)  General 

The  boresight  error  of  an  all-dielectric  large  ground  radome 
is  a  function  of  several  interacting  conditions.  In  general,  ra¬ 
dome  boresight  error,  as  picked  up  by  an  antenna,  is  caused 
by  the  following  phenomena: 

1.  Antenna -signal  interaction 

2.  Radome -antenna  Interaction 

3.  Radome  fabrication  anomalies 

(b)  Antenna-Signal  Interaction 

The  antenna  might  not  respond  similarly  to  variations  in  sig¬ 
nal  polarization,  strength,  modulation,  noise,  etc.  The 
boresight  deviations  resulting  from  these  factors  would  oc¬ 
cur  without  a  radome,  and  their  extent  wo  aid  be  dependent 
entirely  on  the  antenna  system  characteristics. 

(c)  Radome- Antenna  Interaction 

Radome -antenna  interaction  is  manifested  by  variations  in 
reflected  energy  caused  by  discontinuities  in  the  radome  or 
a  varying  distance  between  the  radome  and  antenna,  which 
results  when  the  radar  is  slightlv  off  center  or  the  radome 
has  a  nonspherical  area.  Radome -antenna  interaction  is 
minimal  in  a  foam  radome  in  contrast  to  any  other  radome 
structure  because  of  the  very  low  reflection  coefficient  in¬ 
herent  with  such  a  low-dielectric  material  (the  dielectric 
constant  is  1 .  095). 

(d)  Radome  Fabrication  Anomalies 

Variations  in  thickness,  density,  presence  of  joints,  etc. 
cause  variations  in  the  transmission  and  insertion  phase  of 
localized  bundles  of  rays,  causing  a  net  beam  bending.  The 
effects  of  density  and  thickness  variations  are  minimized  in 
a  foam  radome  due  to  the  low  dielectric-constant  and  loss- 
tangent  values  of  the  foam  material  and  the  small  fabrication 
tolerances  that  can  be  maintained.  A  large  portion  of  the 
effects  of  joint  discontinuities  is  expected  to  be  averaged 
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out  due  to  the  large  number  of  radome  pa»iels  seen  by  the 
antenna  at  any  given  look  angle. 

(2)  Method  of  Analysis 

Boresight  error  for  large  ground  radomes  is  usually  determined 
by  ray-analysis  techniques.  A  detailed  study  is  not  intended  in 
this  presentation.  GAC  has  an  IBM  650  digital  computer  already 
programmed  for  the  rapid  solution  of  boresight  error  calculations 
for  problems  of  this  type.  Essentially,  the  programmed  com¬ 
puter  solves  the  following  formula: 

(SET.x")  .  (^E|Tjx)^ 

where 

6.  =  boresight  error  (radians), 

E  =  weighted  ray  voltage  coefficient, 

=  ray  voltage  transmission  coefficient, 

X  =  ray  distance  to  central  ray, 

-  insertion  phase,  and 
^  =  free-space  wave  length. 


The  allowable  tolerances  on  local  density  and  thickness  values 
and  their  variations  from  panel  to  panel  are  determined  with  the 
aid  of  the  computer.  Calculations  are  made  pertinent  to  a  par¬ 
ticular  antenna  over  its  operational  r-f  spectrum  and  for  the 
anomalies  expected  in  the  full-size  radome. 

The  anomalies  in  the  radome  panels  can  be  checked  by  actual 
test  in  the  interferometer  shown  in  Figure  4. 

3.  STRUCTURAL  CONSIDERATIONS 

a.  Service  Conditions 


Typical  service  conditions  that  have  been  considered  for  a  55 -ft- 
diameter  all-foam  radome  are  as  follows: 

1.  Ambient  temperatures  from  -65  to  +160  F 

2.  Maximum  wind  velocity,  130  knots  (150  mph) 

3.  Ice  load  up  to  8  in.  of  solid  ice,  or  15  in.  of 
rime  ice  or  snow,  over  the  entire  structure 
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4.  Salt  atmosphere  as  encountered  in  coastal  re¬ 
gions 

5.  Service  life  of  10  years 
b.  Load  Analysis 


The  load  analysis  is  based  on  the  most  severe  probable  cc:nbination 
of  service  conditions.  Elxamination  of  wind  velocity  versus  tempera¬ 
ture  data  collected  by  the  USAF  Climatic  Center,  Washington,  D.  C.  , 
for  U.S.  and  world-wide  geographical  areas  shows  that,  in  general, 
maximum  wind  velocities  are  not  associated  with  extreme  tempera¬ 
tures.  There  are,  of  course,  geographic  exceptions  to  this  gener¬ 
ality  that  must  be  considered  when  designing  for  peculiar  site  loca¬ 
tions.  For  this  general  investigation,  it  is  assumed  that  the  most 
severe  wind  conditions  will  occur  at  -10  F.  Also,  calculations  have 
shown  that  ice  loads  produce  stresses  of  opposite  sign  to  those  pro¬ 
duced  by  wind  loads  and,  because  wind-load  stresses  will  predomi¬ 
nate,  the  most  severe  load  condition  will  exist  where  wind  loads  are 
maximum  and  ice  loads  are  zero.  The  wind  load  stresses  in  a  ground 
radome  are  determined  from  the  wind  pressure  distribution  around 
the  radome  and  the  resultant  lift  drag  and  overturning  moment  on 
the  radom<.  ,  These  quantities  have  been  measured  in  wind  tunnel 
tests  of  scale  models  with  various  truncation  angles  and  support 
structure  configurations.  Figure  7  shows  a  measured  pressure  dis¬ 
tribution  along  a  great  circle  through  the  forward  and  rear  stagna¬ 
tion  points  and  the  apex.  A  pressure  distribution  defined  by  a  three - 
term  trigonometric  expression  with  coefficients  selected  to  yield  the 
same  lift  and  drag  as  the  measured  pressure  distribution  is  also 
shown.  This  expression,  which  closely  resembles  the  actual  pres¬ 
sure  distribution,  especially  on  the  forward  portion  of  the  radome 
where  the  most  critical  stx'esses  occur,  is  used  to  calculate  the  bas_c 
membrane  stresses  in  the  radome  shell.  The  maximum  shell  loads 
expressed  in  pounds  per  inch  for  a  55 -ft-diameter  radome  exposed 
to  130-knot  winds  at  -10  F  are  estimated  to  be: 

1.  Tension  =  300  lb  per  inch 

2.  Compression  =  180  lb  per  inch 

3.  Shear  =  170  lb  per  inch 

and,  for  a  5.  5-in.  thick  shell,  the  maximum  unit  stresses  will  be: 

1.  Tension  =  54.8  psi 

2.  Compression  =  32.  8  psi 

3.  Shear  =  31.0  psi 

These  values  are  approximate  because  undefined  parameters  such  as 
stiffness,  size,  shape,  and  other  characteristics  of  the  base  support 
structure  will  have  an  effect  on  radome  stresses. 
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Typical  minimum  mechanical  properties  of  6  pcf  polyurethane  foam 
when  molded  to  thickness  are: 

1.  Tensile  ultimate  strength  =  100  psi 

2.  Compressive  ultimate  strength  =  120  psi 

3.  Shear  ultimate  strength  =  50  psi 

4.  Modulus  of  elasticity  =  6000  psi 

The  panel  joints  are  expected  to  produce  no  significant  loss  of  strength 
below  that  of  the  parent  material.  A  1. 5  ultimate  factor  applied  to  the 
calculated  stresses  will  give  the  following  factors  of  safety  for  the  ra- 
dome  strength: 

1.  Tension  =  100/1.5  X  54.6  =  1.22 

2.  Compression  =  120/1.5  X  32.8  =  2.44 

3.  Shear  =  50/l.5  X  31.0  =  1.07 

Detailed  calculations  of  discontinuity  stresses  at  the  base  of  the  ra- 
dome  might  show  a  need  for  extra  strength  or  special  reinforcement 
near  the  base  of  the  radome. 

In  addition  to  meeting  the  strength  requirements,  the  radome  shell 
must  also  must  have  sufficient  elastic  stability  to  preclude  failure 
by  elastic  buckling.  The  critical  buckling  pressure  is  defined  by 
the  expression 


P 


cr 


KE 


f 


where 

p^^  =  critical  buckling  pressure, 

K  =  dimensionless  buckling  constant, 
E  =  modulus  of  elasticity, 
t  =  shell  thickness,  and 
R  =  spherical  radius  of  the  shell. 
With  the  values 


K  =  0.  30, 


E  =  6000  psi. 
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t  =  5.  5  in.  and 
R  =  330  in.  . 

=  (0,  30)(6000)  |j| 


=  0.  500  psi  . 


The  stagnation  point  pressure  for  130-knot  winds  at  -10  F  is  0.461 
psi.  Therefore,  the  factor  of  safety  against  buckling  will  be: 


0.  500 

TTiFT 


1.  07  . 


c.  Thermal  Conditions 

The  effect  of  radar  energy  loss  at  the  panel  joints  is  calculated  to 
produce  a  40  F  temperature  rise  at  maximum  power.  Design  speci¬ 
fications  require  withstanding  120  F  ambients  inside  and  out.  At  this 
temperature  the  40  F  rise  to  160  F  in  the  radome  material  would  be 
acceptable.  If  other  factors  were  i-o  raise  the  interior  temperature 
above  120  F,  and  the  radar  siiruitaneously  be  operated  continuously 
at  full  power,  auxiliary  interior  cooling  would  be  desirable. 

d.  Weather  Protection  and  Aging  Effects 

(1)  General 

Primarily,  any  radome  containing  plastic  materials  must  be  pro¬ 
tected  from  two  undesirable  environmental  conditions.  These 
are  (1)  degradation  of  the  surface  due  to  ultraviolet  radiation  and 
(2)  water  absorption  by  the  material.  These  two  items  are  re¬ 
lated  insomuch  that  water  absorption  by  a  material  will  increase 
as  its  surface  decomposes. 

Experience  with  urethane,  which  began  in  1948  with  its  use  in  a 
sandwich  radome,  indicates  that  when  properly  treated,  this  ma¬ 
terial  will  remain  stable  indefinitely.  Many  of  the  early  radomes 
containing  urethane  are  still  in  service  and  have  suffered  no  deg- 
rac.ntion,  either  physically  or  electrically. 

(2)  Weathering  and  Transmission  Tests 

GAC  has  been  conducting  weatherometer  tests  on  both  bonded 
and  unbonded  specimens  that  included  control  samples  with  no 
protection.  These  tests,  which  are  run  for  a  1500-hr  period, 
employ  an  Atlas  weatherometer  model  STDTG^  with  sunshine - 
carbon  electrodes  for  ultraviolet  exposure. 


Atlas  Electric  Device  Co.  ,  Chicago,  Illinois. 
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On  uncoated  samples,  weathering  is  indicated  by  surface  chalk¬ 
ing  (loosening  of  the  cells  or  beads  on  the  surface);  yellowing 
is  also  evident,  particularly  on  uncoated  urethane  (see  Figure  8). 
On  the  coated  samples,  acrylic  paints  provided  adequate  protec¬ 
tion  (see  Figure  9).  GAC  currently  considers  these  paints  to 
be  the  most  feasible  from  an  economic  and  physical  standpoint. 
However,  other  types  of  materials  are  being  considered.  No  dif¬ 
ferences  were  observed  between  brush  and  spray  coats.  Double 
coats  offered  some  protection  over  that  afforded  by  single  coats 
and  are  recommended  for  radomes. 

The  exterior  surface  of  reinforced-plastic  panels  is  as  suscepti¬ 
ble  to  ultraviolet  weathering  effects  as  the  foam.  During  1500-hr 
tests  of  uncoated  fiberglass  laminate  panels,  the  resin  covering 
the  outer  fibers  decomposed  and  the  surface  assumed  a  fiber -like 
texture,  that  absorbed  moisture  readily  (see  Figure  10).  There¬ 
fore,  both  foam  and  fiberglass -laminate  surfaces  require  envi¬ 
ronmental  protection. 

GAC  is  now  performing  intensive  r-f  tests  of  weathered  speci¬ 
mens  to  determine  their  electrical  performance  characteristics. 
The  data  obtained  from  these  tests  will  reveal  performance  deg¬ 
radations  of  coated  surfaces  that  might  not  be  apparent  by  visual 
inspection. 

GAC  is  also  conducting  transmission  tests  on  various  coatings 
and  films  during  a  simulated  rainfall  of  approximately  one  inch 
per  hour  at  a  test  frequency  of  24,  000  me.  The  results  of  these 
tests  indicate  that  the  acrylic  paints  are  among  the  better  ma¬ 
terials  in  regard  to  water -shedding  properties. 

A  10-year  service  life  is  readily  obtainable  with  a  bonded-foam 
radome  if  proper  periodic  maintenance  is  conducted.  As  with 
any  properly  designed  and  fabricated  stationary  structure,  such 
maintenance  is  normal  and  will  extend  the  life  of  the  building  in¬ 
definitely. 

4.  MANUFACTURE 

a.  Design 

The  bonded-foam  55-ft  radome  will  have  a  5.  5-in.  thick  wall  (±0.  06 
in.  )  constructed  of  261  prefabricated  panels  of  polyurethane  foam  with 
a  density  of  6  pcf.  The  largest  panel  will  weigh  approximately  70  lb 
and  have  about  25  sq  ft  of  area,  the  gross  weight  of  the  radome  will 
be  under  18,  500  lb.  The  panels  will  have  5  basic  shapes;  4  additional 
shapes  will  be  obtained  by  cutting  partial  panels  from  the  5  basic  pat¬ 
terns  (see  Figure  11).  A  special  formulation  of  epoxy  and  adhesives 
will  bond  the  panels.  Weather  protection  will  be  provided  by  a  suit¬ 
able  paint  or  a  film  of  plastic. 

b.  Fabrication 


Radome  panels  will  be  formed  in  jacketed  molds  that  will  permit  hot 
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URETHANE 


POLYSTYRENE 


Figure  8  -  Uncoated  Test  Samples  after  1500  Hr 


HYPALON  PAINT  ACRYLIC  PAINT 


Figure  9  -  Coated  Test  Samples  after  1500  Hr 


Figure  10  -  Uncoated  Fiberglass -Laminate  Test  Panels 


water  or  steam  circulation  for  initial  heating  of  the  mold  to  140  F  and 
curing  of  foamed  panels  at  180  F.  The  two  principal  molding  surfaces 
will  represent  the  outer  and  inner  spherical  surfaces  of  the  radome 
and  will  be  of  sufficient  size  to  produce  the  largest  panels  of  the  ra¬ 
dome.  Adjustable  side  rails  or  borders  will  be  positioned  to  produce 
the  various  sizes  of  panels  required.  Liquid  foam  and  reagent,  auto¬ 
matically  mixed,  will  be  injected  into  the  molds  in  the  proper  quantity 
for  the  panel  size  to  be  produced. 

Cured  and  aged  panels  will  be  trim  machined  to  size  to  within  about 
±l/32  in.  for  accurate  fit  of  the  erected  sphere  and  to  ensure  mini¬ 
mum  thickness  bending  for  best  electrical  and  structural  character¬ 
istics. 

c.  Erection 


Some  type  of  shelter  will  be  desirable  or  necessary  except  when  ideal 
weather  conditions  can  be  ensured.  In  most  cases  a  simple  space 
frame  (scaffolding)  covered  by  plastic  sheeting  will  suffice.  A  dry- 
run  assembly  and  disassembly  prior  to  shipment  of  panels  to  the  erec¬ 
tion  side  should  eliminate  misfits  and  rework  on  location. 

Radome  erection  will  start  with  the  fitting  and  bonding  of  the  special 
base  panels  to  the  base  ring  of  the  foundation.  Mating  surfaces  of  the 
first  and  second  tiers  above  the  base  tier  panels  will  also  be  resin 
coated  and  the  panels  held  in  place  with  special  clamps  (see  Figure 
12)  that  fit  into  adjacent  holes  across  the  panel  joint. 
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AUL  PANEL  DIMENSIONS  ARt'.  APPROXIMATE 


lOND  BETWEEN  PANELS 

f 


STEEL  BASE  PLATE  (REP) 


0  .30  IN. -DIAMETER  STUDS 

0.28-IN. -THICK  BY  7.5-IN.  WIDE 
STEEL  BASE  PLATE 


BASE  PITTING 


NOTES  UNLESS  OTHERWISE  SPECIPIED: 

TOTAL  RADOME  AREA  =  6,  180  SQ  FT 
AVERAGE  HEXAGONAL  PANEL  AREA  s  26.4  SQ  PT 


Figure  11  -  Structural  Details  of  Bonded  Foam  Radome 
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Curing  of  the  bond  at  the  base  by  induction  heating  can  be  started  as 
soon  as  the  assembly  and  clamping  of  two  tiers  above  has  been  ac¬ 
complished.  Assembly  of  the  next  tier  can  also  be  started  so  that 
the  fit  of  two  tiers  ahead  of  final  curing  can  continuously  be  ensured 
to  completion  of  the  sphere.  Two  hundred  sixty  panels  in  10  tiers 
will  be  used  in  a  55-ft  diameter  topped  by  the  top-center  pentagonal 
panel. 

5.  CONCLUSIONS 

A  55-ft  diameter  was  chosen  for  the  present  all-foam  radome  study  be¬ 
cause  it  is  a  size  that  will  contain  and  protect  several  models  of  currently 
existent  radars.  It  also  represents  a  logical  upward  step  from  the  17-1/2- 
and  26 -ft  diameter  monolithic  radomes  that  have  been  built  and  placed  in 
operation. 

Nothing  in  the  feasibility  analyses  indicates  that  the  55-ft  diameter  reaches 
the  limit  of  the  state  of  the  art.  Because  of  this  and  because  the  physical 
and  electrical  properties  of  the  basic  foam  m.aterials  are  continually  being 
improved,  considerably  larger  monolithic  foam  radomes  are  a  future  pos¬ 
sibility. 
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DESIGN  AND  PERFORMANCE  OF  60  FOOT 
C-BAND  RIGID  RADOME,  CW-424/FPS-26 

C.  S.  Beal 

Rome  Air  Development  Center 

J.  R.  Gruber  and  D.  J.  Driscoll 
AVCO  Corporation/Electronics  Division 


The  work  described  in  this  paper  was  performed  by  Avco  under  Contract  AF  30(635)- 
19825  for  Rome  Air  Development  Center,  Griffiss  Air  Force  Base. 

INTRODUCTION 

The  purpose  of  this  radome  development  program  was  to  design  a  rigid  radome  for 
use  with  radar  set  AN/FPS-26.  The  AN/FPS-26  is  a  high  power,  C-band  radar  which 
employs  a  high-gain  nodding  antenna  to  achieve  precise  elevation  angle  determination 
on  distant  targets. 

The  philosophy  adopted  for  design  guidance,  was  that  of  obtaining  the  maximum  con¬ 
servation  of  the  radar's  r-f  power,  pattern,  and  beam  axis  position  and  stability. 

The  primary  problem  revealed  in  the  development  of  the  radome  was  that  of  finding  an 
optimum  configuration  for  meeting  the  conflicting  requirements  of  high  r-f  power  trans¬ 
mission  and  mechanical  strength  within  a  restrictive  weight  limit. 

Specific  design  and  fabrication  problems  included  dimensional  control  of  the  radome 
shell  thickness,  adequate  strength  of  the  panel  joints  and  the  acquiring  of  materials  and 
facilities  to  produce  large  uniform  seamless  panels. 

Figure  1  shows  a  gaieral  view  of  the  radome.  The  more  important  dimensions  and 
characteristics  of  the  construction  are  as  follows: 


Major  Diameter 
Base  Diameter 
Number  of  Panels 
Total  Weight 

Wall  Construction 


60',  10.25" 

50',  1.75" 

161 

14, 000  pounds  approximately 

Type  'A'  sandw'ich  1  1/2"  thick  approximately 

Polyester  fiberglass  facings 

Paper  polyethylene  honeycomb  core,  3/4"  cell 


DESIGN  APPROACH 

A  spherical  shell  configuration  for  the  radome  was  selected  for  the  structural  and 
electromagnetic  advantages  offered.  Structurally,  this  shape  is  adapted  to  carrying 
distributed  stresses  throughout  the  shell  and  the  double  curvature  provides  stiffness. 
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Figure  1.  External  View,  Rigid  Radome  CW-424/FPS-26 
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From  the  electromagnetic  viewpoint,  the  center  of  rotation  of  the  antenna  can  be  made 
to  coincide  with  the  geometric  center  of  the  sphere;  thus  allowing  the  radar  beam  to  be 
always  normal  to  the  radome  shell,  which  is  the  optimum  situation  for  maximum  beam 
axis  stability  and  uniformity  of  beam  pattern.  The  size  and  configuration  were  chosen 
to  satisfy  this  condition  which  is  illustrated  in  Figure  2.  The  antenna  is  shown  in  its 
maximum  elevation  position,  +32*. 

Following  the  establishment  of  the  overall  shell  configuration  and  size,  attention  was 
given  to  the  design  of  shell  itself.  A  study  was  made  of  the  possible  design  and  fabri¬ 
cation  approaches  with  major  attention  directed  to  the  sandwich  wall  and  metal  space 
frame  types  of  construction.  A  comparison  of  these  two  was  made  from  the  viewpoint 
of  best  satisfying  the  requirements  of  high  r-f  power  transmission,  high  strength  and 
low  weight.  The  sandwich  construction  was  chosen  because  it  appeared  to  provide  the 
best  approach  to  achieving  the  more  important  objectives. 

The  materials  used  in  the  construction  of  the  sandwich  shell  were  selected  for  minimum 
power  loss,  minimum  weight  consistent  with  required  strength  and  maximum  perform¬ 
ance  over  the  life  span. 

The  core  material  selected  was  a  3/4  inch  cell  honeycomb  of  40P40  (18)  craft  paper  and 
polyethylene.  Electrically,  because  of  the  high  percentage  of  open  area  in  the  3/4  inch 
cell,  the  material  has  a  very  low  dielectric  constant  and  hence  low  power  loss. 

Structurally,  this  material  met  the  required  compressive  strength,  core  stress,  and 
flexural  strength. 

The  sandwich  panel  facing  material  selected  was  a  laminate  of  fibeii^ass  cloth  #181  Volan 
A  with  37%  Hetron  92  polyester  resin.  Electrically,  this  polyester  resin  has  the  lowest 
dielectric  constant  of  the  structural  resins.  Structurally,  the  laminate  met  the  required 
tensile  and  compressive  strength  requirements.  In  addition,  the  laminate  is  inherently 
flame  retardent  and  the  use  of  polyester  resin  provides  a  product  of  relatively  low  cost. 

The  resin  selected  to  bond  facings  to  core  was  Hetron  32A.  The  low  dielectric  constant 
of  this  resin  was  attractive.  Structurally,  tests  showed  a  load  failure  of  12, 000  lbs.  per 
foot  of  panel  versus  a  design  requirement  of  600  lbs.  per  foot. 

The  approach  followed  in  selecting  the  sandwich  dimensions  consisted  of  developing  a 
family  of  power  transmission  curves  for  first,  second,  and  third  order  sandwich  walls  as 
a  function  of  skin  and  core  thickness.  On  the  same  chart  a  curve  of  structural  strength 
was  superposed.  The  intersections  of  these  curves  then  gave  a  basis  for  selection  of  the 
sandwich  wall  dimensions  which  would  give  adequate  strength  with  high  power  transmission. 
See  Figure  3  and  Appendix  A  and  B. 

An  analysis  of  the  data  in  Figure  3  leads  to  the  selection  of  the  second  order  (N  =  2)  sand¬ 
wich  for  the  radome.  This  choice  was  based  on  the  need  to  control  weight,  which  elimi¬ 
nated  the  first  order  sandwich,  and  to  maintain  good  r-f  power  transmission,  over  the 
frequency  range,  which  made  the  third  oider  sandwich  less  desirable.  Also  the  skins  of 
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Figure  2.  General  Arrangement,  Rigid  Radome  CW-424/FPS 


Figure  3.  Optimum  Core  Thickness  vs.  Skin  Thickness 
for  S3mimetrical  Sandwich  Radome 
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Figure  4.  Radome  Losses  (.  040'*  Polyester  Skins) 


Figure  5.  Radome  Losses  (.  040"  Epoxy  Skins) 
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TABLE  I 

ELECTRICAL  &  PHYSICAL  DESCRIPTION 


the  third  order  sandwich  were  so  thin  that  they  would  likely  be  damaged  in  manufacturing, 
shipping,  and  erection  operations. 

Calculated  power  losses  for  the  second  order  sandwich  design  selected,  are  shown  in 
Figures  4  and  5  for  both  polyester  and  epoxy  panel  facings. 

Experimental  Test  Panels 

Tests  for  power  transmission  were  conducted  on  ten  flat  panels  of  this  type,  produced 
by  the  manufacturing  facility  and  in  the  laboratory.  Figure  6  shows  the  percent  power 
transmitted  at  low,  medium,  and  high  frequency  bands  and  at  the  same  time  shows  the 
variation  of  the  actual  thickness  of  each  skin.  The  panel  numbers  1  thru  10  are  arranged 
in  the  order  in  which  they  were  made.  The  final  closing  up  of  the  skin  tolerance  at  the 
nominal  thickness  sought  (.  040)  is  evident  in  panel  ten.  The  effective  skin  thickness  in 
a  finished  panel,  as  well  as  the  effective  core  thickness^  is  a  function  of  the  amount  of 
free  bonding  resin  left  on  the  inner  surface  of  the  facing  laminates  after  cure  of  the  panel. 
See  Figure  7. 


EFFECTIVE  SKIN  THICKNESS- 


ACTUAL 

CORE 

THICKNESS 


FACING  LAMINATE 


EFFECTIVE 

CORE 

THICKNESS 


RESIDUAL  BONDING 
RESIN 


Figure  7 .  Cross  Section  Through  Sandwich 


Depending  on  the  composition  of  the  bonding  resin,  the  porosity  of  the  core,  the  surface 
condition  of  the  facing  laminates,  the  cure  cycle,  the  thickness  of  the  residual  bonding 
resin  can  vary  widely.  This  is,  in  part,  responsible  for  the  broad  skin  tolerances  shown 
for  panels  2,  3,  and  5.  Panel  10  was  selected  as  the  standard  for  construction  of  the 
curved  shell  of  the  radome.  The  electrical  and  physical  description  of  this  panel  along 
with  panel  9  is  given  in  Table  I. 

Radome  Panel  Detail  Design 

To  facilitate  erection  of  the  radome  in  the  field,  panelized  construction  was  necessary. 
Reinforcement  of  the  panel  edges  to  insure  adequate  joint  strength  is  required  and  has 
the  adverse  effect  of  blockage  of  r-f  power  transmission.  In  order  to  achieve  an  optimum 
design  for  this  condition,  a  geometric  partition  of  the  spherical  radome  surface  was 
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Figure  8.  Antenna  Aperture  Projected  on  Radome  Shell  with  Antenna  in  Four 
Different  Polesite  Test  Positions 
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sought  that  would  provide  miniaium  total  length  of  panel  joint  and  at  the  same  time  a 
randomness  of  joint  direction  in  the  aperture  projection  of  the  antenna.  See  Figure  8. 

’  Reduction  of  the  total  joint  length  has  the  effect  of  increasing  the  size  of  the  individual 
*  panels  which  are  limited  in  turn,  in  the  case  of  seamless  construction,  by  the  available 
v/idths  of  core  material  and  fiberglass  cloth.  In  order  to  achieve  the  desired  minimum 
blockage  of  2  1/4%,  it  was  necessary  to  develop  sources  tor  weaving  cloth  up  to  90"  wide 
for  panel  facing  laminates.  The  availability  of  the  wider  material  not  only  achieved  the 
desired  total  joint  length,  but  also  eliminated  splices  which  were  shown  by  experiment  to 
produce  inadmissable  distortion  and  attenuation  of  the  radar  beam  as  well  as  a  significant 
reduction  in  the  tensile  strength  of  the  panel. 

The  acceptable  total  joint  length  was  based  on  a  joint  width  of  1"  which  necessitated  a 
panel  eige  treatment  of  not  over  1/2"  in  width.  The  narrowness  of  this  edging  presented 
a  problem  from  the  standpoint  cf  bonding  the  panel  facings  as  well  as  a  problem  of 
obtaining  enough  rigidity  in  the  edging  to  prevent  deflection  between  the  bolt  fastening 
points  when  the  joint  was  under  transverse  tensile  loading,  The  design  finally  adopted 
consisted  of  a  shallow  fiberglass  channel,  an  aluminum  channel  and  a  flat  stainless  steel 
strip  bonded  together  as  shown  in  Figure  9. 


Figure  9.  Panel  Edge  Design 

The  two  nested  channels  provided  bond  attachment  to  both  sides  of  the  panel  facings,  thus 
doubling  the  bond  area  in  shear  and  providing  a  stable  joint.  The  sandwiching  of  the  fiber¬ 
glass  channel  between  the  stainless  steel  strip  and  the  aluminum  channel  gave  sufficient 
beam  stiffness  to  allow  a  9.  6"  center  spacing  of  the  panel  joining  bolts  under  the  design 
load  of  5000  lbs.  per  foot  of  joint.  The  steel  rtrip  also  served  to  prevent  punching  shear 
effects  in  the  vicinity  of  the  bolt  heads. 

Access  for  installation  of  the  bolts  was  provided  by  cutting  circular  holes  about  4  inches 
in  diameter  in  the  inner  pane]  facings  at  the  bolt  locations  and  clearing  this  area  of  core. 
This  treatment  proved  troublesome  in  joint  tensile  tests  due  to  the  stress  concentrations 
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Figiure  10.  Location  of  25  Foot  Segment  Used  for  Test 
(Panel  Part  Numbers  Shown) 
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it  caused  at  the  hole  edges.  Moulded  foam  ’’horseshoes'*  were  then  inserted  and  bonded 
between  the  panel  facings  and  around  the  holes  to  redistribute  the  stresses.  Electrical 
transmission  tests  on  this  joint  design  showed  no  appreciable  change  over  the  resuits 
obtained  for  the  joint  without  the  bolt  access  holes. 

With  the  size,  configuration,  and  edge  treatment  of  the  panels  established,  the  final  de¬ 
tails  for  the  fabrication  tools  and  fixtures  and  the  manufacturing  processes  were  worked 
out. 

Major  tools  consisted  of:  (1)  A  cast  iron  mold  of  positive  spherical  contour  and  12  foot 
diameter  (this  mold  was  used  as  the  master  to  produce  the  other  molds),  (2)  a  mold  of 
negative  spherical  contour  made  of  fiberglass,  (3)  two  positive  and  two  negative  skin 
molds,  and  (4)  dril’  and  trim  fixtures  for  panel  edging. 

STRUCTURAL  PERFORMANCE  TEST 

F  rom  these  tools  a  group  oi  eleven  panels  was  made  to  produce  a  circular  segment  25 
feet  in  diameter  representative  of  the  radome  wall  outlined  in  Figure  10.  This  represen¬ 
tative  group  of  panels  was  subjected  to  positive  and  negative  loads  equivalent  of  those 
produced  by  a  130  knot  wind.  A  segment  test  was  used  since  it  was  impractical  to  con¬ 
duct  a  full  scale  test  of  this  type.  Figure  11  shows  the  test  set-up. 


DEFLECTION  SCALES 


0RA‘**EL 

LOAD 


Figure  11  Arrangement  for  Representative  Panel  Tests 
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Figure  12.  Plot  Plan  Test  Facilities,  Rigid  Radome 


ERRATA  ♦ 


Table  11  on  page  16  should  be  Table  IV. 
Table  III  on  page  16  should  be  Table  V. 

Table  IV  on  page  18  should  be  Table  v|. 
Table  V  on  page  18  should  be  Table  Vil. 


TABLE  n 

PRINCIPAL  PLANE  PATTERNS 

LEVELS  IN  DB  BELOW  PEAK  OF  MAIN  BEAM 

Low  Freq.  5.4GC  Mid  Freq.  5.65  GC  High  Freq.  5.  9  GC 


w/ 

W/0  w/ 

W/0 

W/ 

W/0 

Radome 

Radome  Radome 

Radome 

Radome 

Radome 

Elevation 

27.0 

29.7  27.5 

29.4 

2G.0 

28.0 

Azimuth 

25.5 

24. 8  29. 3 

30.0 

29.2 

27.9 

TABLE  HI 

BEAMWIDTH  CHANGE 

AVERAGE  BEAMWIDTH, 

DEGREES 

W/ 

W/0 

Change, 

Radome 

Radome 

% 

Elevation 

0.597 

0.60 

0..5 

Azimuth 

2.22 

2.23 

0.5 

♦  "Design  and  Performance  of  60- Foot  C  -Band  Rigid  Radome,  CW-424/FPS'26". 
C.S,  Beal,  D.  J.  Driscoll,  J  R.  Gruber 
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The  positive  load  was  applied  with  air  at  a  pressure  of  20  inches  of  water,  under  the 
dome  segment.  The  negative  load  was  applied  by  a  distributed  dead  load  of  9000  lbs. 
of  gravel  plus  a  vacuum  under  the  dome  ^o  produce  a  negative  pressure  of  7. 12  inches 
of  water.  Vertical  scales  on  the  dome  surface  were  observed  with  an  optical  level  to 
read  deflections.  The  positive  load  caused  a  maximum  scale  deflection  of  .  75  inches. 

The  negative  load  caused  a  maximum  deflection  of  .  40  inches. 

Several  failures  at  the  joints  around  the  edges  of  the  center  panel  occurred  during  the 
initial  load  test,  requiring  minor  m.odifications  of  the  joint  design  to  achieve  the  re¬ 
quired  strength. 

ELECTRICAL  PERFORMANCE  TEgTS 

After  the  structural  test  of  a  group  of  jointed  panels,  a  complete  set  of  panels  for  a 
radome  v/as  produced.  The  ladome  was  then  erected  op  a  test  site  on  which  the  radar 
height  finder  antenna  had  previously  been  installed  and  tested  to  verify  peiiormance 
without  a  radome.  Figure  12  shows  the  site  arrangement.  This  facility  was  located  in 
an  open  field  with  no  obstructions  of  any  type  within  a  distance  of  500  feet.  The  fore¬ 
ground  of  the  line  of  sight  to  the  r-f  transmitter  was  level  and  clear  for  1000  feet.  The 
test  transmitter  for  most  of  the  performance  measurements  was  located  5400  feet  east 
of  the  radome  and  on  top  of  a  200  foot  hill.  All  electrical  measurements  were  made, 
both  with  and  without  a  radome  in  place,  to  evaluate  the  effects  of  the  radome  on  the 
antenna  performance. 

A  complete  set  of  principal  plane  patterns  were  taken  for  three  test  frequencies. 

Elevation  plane  patterns  showed  some  increase  in  side  lobes  due  tc  the  radome,  while 
azimuth  plane  patterns  showed  some  side  lobe  improvement  due  to  the  radome.  Table  II 
shows  the  highest  side  lobe  levels  as  taken  from  the  antenna  pattern  charts.  Table  III 
reveals  that  the  radome  produced  no  significant  change  in  antenna  beamwidth. 

An  extensive  set  of  spurious  lobe  patterns  was  made  with  the  antenna  under  the  radome  to 
determine  whether  the  radome  might  give  rise  to  excessive  ground  clutter  effects, 
especially  on  the  range-height  indicator.  Patterns  were  recorded  through  an  angle  of  ±  60 
degrees  in  azimuth  at  fourteen  elevation  angles  -3  through  +30  degrees  inclusive.  These 
patterns  were  measured  at  low,  mid,  and  high  frequencies.  No  side  lobes  higher  than 
-33.9  db  below  the  main  lobe  were  recorded,  excluding  those  parts  of  the  main  beam 
and  principal  plane  side  lobes  which  extend  into  other  space  planes.  It  was  concluded 
from  the  data  that  no  significant  degradation  of  the  system  performance  would  result 
from  the  very  low  side  lobe  levels  found. 

The  axis  shift  test  was  performed  on  two  ranges,  namely,  the  "hill  site"  range  and  the 
"poli  site"  range.  A  six  foot  parabolic  transmitting  antenna  was  mounted  at  the  "hill 
site".  The  power  transmitted  was  1  watt.  Four  pyramidal  horns  were  mounted  at  the 
"pole  site"  at.  0,  2,  5  and  8  degrees  in  elevation  relative  to  the  radar  antenna.  A  signal 
generator  was  used  to  energize  the  horns.  The  AN/FPS-26  reflector  was  equipped  with 
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TABLE  n 


ELEVATION  AXIS  SHIFT  MEASUREMENT  TO  HILLSTTE 


Frequency 


Antenna  Erect 
Degree  Shift 


Antenna  Plunged 
Degree  Shift 


Low 

+  0. 0034 

Mid 

+  0. 0068 

High 

0. 0000 

+  0. 0092 
+  0. 0092 
+  0. 0045 


ELEVATION  AXIS  SHIFT  MEASUREMENT  TO  POLESITE 


Nom.  El. 

Horn 

Antenna  Erect 

Antenna  Plunged 

Fiequency 

Angles  Degrees 

No. 

Degrees  Shift 

Degrees  Shift 

Low 

0 

1 

+  0. 0045 

+  0. 0136 

2 

2 

+  0. 0034 

5 

3 

+  0. 0186 

+  0. 0045 

8 

4 

+  0. 0170 

.  -0.0045 

Mid 

0 

1 

+  0. 0073 

+  0. 0136 

2 

2 

+  0. 0073 

5 

3 

+  0. 0057 

+  0. 0090 

8 

4 

-  0. 0045 

+  0.0073 

High 

0 

1 

+  0. 0073 

+  0.0118 

2 

2 

+  0. 0090 

5 

3 

0. 0000 

+  0. 0045 

8 

4 

+  0. 0045 

+  0. 0090 

TABLE  m 

AZIMUTH  AXIS  SHIFT  TO  HILLSITE 

Frequency  Degree  Shift 

Due  to  Radome 


Low  +0. 023 

Mid  -0. 020 


High 


+0.  011 


+  CW  Shift 
-CCW  Shift 
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a  two  horn  monopulse  feed  to  achieve  high  angular  precision  for  axis  shift  measure¬ 
ments.  The  null  depth  from  the  difference  arm  of  this  feed  when  the  antenna  was  aimed 
directly  at  the  signal  source  was  about  25  db. 

Repeated  measurements  indicated  an  elevation  positioning  accuracy  (boresi^t)  of 
±0.0025  degrees.  This  accuracy  was  determined  by  means  of  an  optical  system 
mounted  on  the  elevation  pivot  axis  of  the  antenna.  The  optical  system  consisted  of  a 
telescope  with  a  reticle  which  could  be  tiained  to  read  a  fixed  reference  scale  within 
the  radome  mounting  t'ircle  and  33  feet  from  the  telescope.  This  angular  reference 
could  be  used  after  the  radome  was  in  place  and  visual  access  to  the  test  antenna  and 
horns  was  obscured.  The  system  permitted  accurate  reading  of  engraved  scales 
graduated  in  1/32  inch  increments.  Any  angular  change  in  antenna  elevation  was  thus 
indicated  as  a  change  in  scale  reading.  By  calculation  4. 4  divisions  on  the  scale  were 
equal  to  an  angular  change  of  0. 02  degrees  and  the  scale  could  be  read  to  one  half 
division. 

Measurements  of  axis  shift  were  made  on  both  ranges  with  and  without  radome.  The 
data  is  shown  in  Table  IV.  Differences  in  axis  shift  to  the  several  pole- mounted  horns 
is  attributed  to  the  different  panel  geometry  seen  by  the  radar  antenna  at  each  elevation 
angle.  See  Table  IV. 

Azimuth  plane  axis  shift  measurements  were  made  using  the  AN/FPS-26  standard  feed 
horn  with  the  antenna.  Measurement  method  was  similar  to  that  used  for  elevation 
axis  shift  except  that  the  beam  center  (boresight  axis)  was  located  at  one  half  the 
distance  between  the  -3  db  beam  positions.  The  data  taken  is  shown  in  Table  V. 

Power  transmission  through  the  radome  was  measured  usii^  the  ’’hill  site"  (5400  feet) 
range.  A  six  foot  diameter  reference  antenna  was  mounted  outside  the  radome  and 
adjacent  to  it.  The  test  signal  modulated  at  1 000  cps  from  the  "hill  site"  antenna  was 
received  and  detected  by  both  the  reference  antenna  and  the  antenna  under  the  radome. 
These  detected  signals  were  alternately  connected  to  a  common  standing  wave  amplifier 
to  compare  the  relative  output  levels  of  the  two  antennas.  To  compensate  for  the 
difference  in  gain  between  the  reference  antenna  and  the  test  antenna  a  precision 
variable  attenuator  was  used  ahead  of  the  detector  in  the  test  antenna.  The  attenuator 
was  fixed  at  a  setting  which  gave  approximately  the  same  detected  output  level  at  the 
standing  wave  amplifier.  This  eliminated  the  need  for  switching  ranges  on  the  standing- 
wave  amplifier  and  all  readings  were  made  on  the  same  range  setting  using  the  expanded 
db  scale  position  for  greatest  accuracy. 

Reference  readings  were  measured  prior  to  radome  erection  by  "aiming  in"  both  the 
reference  antenna  and  the  test  antenna  for  maximum  detected  power  from  each.  The 
precision  attenuator  on  the  test  antenna  was  adjusted  for  the  same  level  indication  on 
the  standing  wave  amplifier  as  given  by  the  reference  antenna.  Different  attenuator 
settings  were  required  at  each  of  the  three  test  frequencies. 


TABLE  IV 


i 


MEASURED  POWER  TRANSMISSION 
(Vertfoal  Polarization) 


DB  Loss  Due 

Percent  Power 

Frequency 

to  Radome 

Transmission 

Low 

0. 20 

95.5 

Mid 

0. 13 

97.0 

High 

0. 21 

95.3 

TABLE  V 

VSWR  MEASUREMENTS 


Frequency 

Without  Radome 

Vertical  Horizontal 

With  Radome 
Vertical  Horizont 

Low 

1. 13 

1.50 

1. 12 

1,50 

Low  +  100  me 

1.10 

1.07 

1.11 

1.07 

Low  +  200  me 

1.07 

1.27 

1. 05 

1.25 

Mid 

1.03 

1.28 

1. 01 

1. 32 

Mid  +  50  me 

i.Ol 

1.31 

1.02 

1. 29 

Mid  +150  me 

1.12 

1.04 

1.15 

1.09 

High 

1.24 

l.;5 

1.07 

1.15 
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After  radome  erection  the  outputs  of  the  two  antennas  were  again  compared  at  each  test 
frequency  using  the  prexiously  estab'ished  attenuator  settings.  The  power  transmission 
loss  due  to  the  radome  was  determined  from  the  difference  in  readings  on  the  standing 
wave  amplifier. 

Table  VI  contains  the  results  of  the  power  transmission  measurements.  A  thorough 
investigation  of  all  possible  sources  of  measurement  error  revealed  that  the  accuracy 
sought  (about  ±.  05  db)  is  '’pushing  the  art”.  This  is  particularly  true  when  considering 
the  effects  of  one  mile  of  intervening  terrain,  antenna  pointing  accuracy,  signal  fre¬ 
quency  stability,  aging  of  detectors  and  calibration  of  the  standing  wave  amplifier. 

For  example,  the  received  power  from  the  transmitting  antenna  depends  somewhat 
upon  the  ground  reflection  coefficient  which  is  a  function  of  the  moisture  in  the  ground 
and  the  growth  of  ground  cover  over  the  signal  path. 

Table  VII  compares  the  VSWR  of  the  test  antenna  measured  with  and  without  radome. 

It  is  seen  that  the  radome  has  only  a  slight  effect  upon  the  antenna  VSWR. 

SUMMARY 

The  performance  of  this  rigid  radome  indicates  that  adequate  strength  can  be  developed 
in  a  sandwich  wall  t5q)e  structure  to  resist  the  effects  of  a  130  knot  wind  and  at  the 
same  time  permit  operation  at  C-band  with  high  r-f  ix»wer  transmission  (greater 
than  95%)  and  very  small  beam  axis  shift.  These  characteristics  were  achieved  by 
holding  reflective  and  dissipative  losses  to  a  minimum  through  (1)  precise  control  of 
core  and  skin  thickness,  (2)  a  uniform  distribution  of  a  controlled  amount  of  bonding 
agent,  (3)  a  minimum  amount  of  material  in  the  radome  wall  consistent  with  strength, 
and  (4)  a  minimum  width  and  accumulated  length  of  panel  joint  consisteni  with 
strength  and  panel  size  limitations. 
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APPENDIX  A 


ELECTRICAL  DESIGN  STANDARDS 

Electrical  design  of  the  radome  sandwich  has  been  based  upon  material  from  a  number 
of  references,  Hie  most  pertinent  of  which  are  listed  in  references  1  and  2.  No  public¬ 
ation  on  rigid  radomes  is  generally  accepted  as  a  design  standard.  However,  the  first 
two  references  are  widely  used  for  radome  design. 

All  important  design  formulae  and  much  useful  information  concerning  material  prop¬ 
erties  and  measuring  techniques  are  contained  in  Reference  1,  Radiation  Laboratories 
Series,  Volume  26. 

The  two  most  important  electrical  design  calculations  are: 

(1)  calculation  of  the  core  thickness  which  gives  maximum  power  transmission 
at  midband,  and 

(2)  calculation  of  power  reflected  from  a  given  sandwich  as  a  function  of  frequency. 
The  formula  for  calculation  of  optimum  core  thickness  for  normal  incidence  is, 


<'c)/V 


^  L  -1 

_ 2 _  Nw-tM  * 

2nyf^[ 


2(a,  -1)  ^0,0,  sin  20, 


(o,  +  l)(a^-a,)  +  (ci,-l)(a,  +  o^)  cos  2  0 


-.1 


(1) 


where  N  is  the  integer,  the  order  of  the  sandwich, 

is  the  thickness  of  the  core  of  sandwich  of  order  N  , 
is  the  free-space  wavelength, 

*c  is  the  specific  dielectric  constant  of  core, 
dg  is  the  specific  dielectric  constant  of  skin,  and 
6  is  the  2n  x  electrical  thickness  of  the  skin. 

The  formula  for  calculation  of  power  reflected  from  a  sandwich  at  normal  incidence  is, 

, _ 4/p/»  sin»(A  0,)  ^ 

(1  -  /p/*)  *  +  4/p/*  sin*(A 


in  which 


(2) 


and 


/p/*  - 


a,  iyJ^e  +1)’  -K  “1)  K  sin 
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/p/  is  the  absolute  value  of  the  amplitude  reflection  coefficient  for  a  wave  incident  as 
the  skin  from  the  core,  or  on  the  core  from  the  skin. 

Equation  (1)  has  been  used  to  calculate  the  data  presented  in  Figure  3  and  equation  (2) 
has  been  used  to  calculate  &e  reflection  losses  in  Figures  4  and  5. 


APPENDIX  B 


STRUCTURAL  DESIGN  STANDARDS 


Determination  of  the  loads,  Laduced  by  the  environmental  conditions,  dictated  that  the 
radome  sandwich  panels  be  designed  to  be  Etructurally  adequate  to  prevent  buckling. 
Buckling  is  the  design  criteria  for  the  spherical  shell  radome  except  in  the  area  of 
the  base  attachment  ring.  To  determine  the  necessary  face  and  core  dimensions,  the 
following  approach  was  used. 

The  formula  for  the  critical  pressure  that  will  produce  buckling  is: 


P 

er 


KE  • 


(3) 


P 

where  er  is  the  critical  pressure,  E  is  the  modulus  of  elasticity, 

t  is  the  thickness  of  shell,  and  R  is  the  major  radius  of  radome. 

The  classical  value  of  K  is  given  by  Timoshenko  (References  8, 9)  as  0, 6.  Ejqperimental 
work  by  Von  Karman  (Reference  10)  and  Hsue-Shen  Tsien  (References  10,  11)  show  the 
value  of  K  ,  based  on  imiform  loading  of  hemispheres,  to  be  a  function  of  t/R  ,  with  a  value 
of  K  =0. 27  for  the  region  of  t/R  for  the  radome.  Because  of  the  unequal  stresses  exist¬ 
ing  at  the  stagnation  point,  resulting  from  the  wind  loading  seen  by  the  radome,  the  value 
of  K  used  was  0. 22. 

Another  item  that  must  be  accounted  for  is  the  fact  that  the  above  formula  is  derived 
for  a  homogeneous  sLeli,  differing  from  the  honeycomb  sandwich  construction  actually 
used.  Modification  of  the  formula  for  use  with  sandwich  construction  is  shown  below, 
together  with  the  margin  of  safety  resulting  from  its  application  to  the  radome  for  150 
mph  winds. 


For  sandwich  construction, 


P 

er 


(4) 


where  E^  is  the  effective  modulus  of  elasticity,  and  t^  is  the  effective  thickness  of 
sandwich. 

Letting  (El)  solid  =  (El)  sandwich. 
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I  „  i_  (c  +  t)* 

I  12  "  2 

£  ^  (5) 

I 

I  where  c  is  the  core  thickness  of  sandwich,  and  *  is  the  skin  thickness  of  sandwich. 

I  Letting  (£>l)  solid  =  (£>4)  sandwich, 

I 

I  £^i^-2*£ 


Setting  equation  (5)  equal  to  equation  (6),  we  obtain 


2t  E  ^  6  tE  (e  + 
.  3 


«,  -  O) 

Using  equation  (4)  and  solving  for  and  using  equation  (6)  substituting  for  £^ 


I/.  !cZ: 


IKEt 


Setting  equation  (7)  equal  to  equation  (8), 


2KEt 


/7(c4-0 

2  tEt 


2yfTKE 


Using  P =  . 5781  PSI*;  R  =  360";  E  =  2. 0  x  10^;  K=  .22  and  substituting  in  the 
above  equation. 

t(  c  +  O  ^  .?731  X  (360)! - 

2^/Tx  .22  X  2  xlO* 

/  X  c  +  **  » .04915. 


Assuming  values  of  "i*  ranging  from  0. 01  to  0. 15  inches  the  respective  values  of  core 
thickness  is  determined,  and  the  curve  plotted.  Selection  of  the  core  and  face  thick¬ 
ness,  for  proper  transmission  characteristics,  must  be  lo  the  right  of  the  curve,  see 
Figure  3. 


*  This  value  for  P^,  was  obtained  as  follows: 

Pressure  coefficients  were  obtained  from  wind  tunnel  tests  as  reported  by 
Bezbatchenko.  Figuie  13  shows  the  pressure  distribution  over  a  radome 
from  these  tests. 

the  area  of  the  equator,  presented  to  the  wind,  buckling  is  critical.  The 
pressure  coefficient  in  this  area  is  1.0. 

-20®  F  air  at  sea  level  pressure  and  at  a  velocity  of  130  knots  will  produce 
a  dynamic  pressure  of  .  4625  lbs  per  square  inch.  Using  the  pressure  co¬ 
efficient  of  1. 0  for  the  critical  area  and  a  factor  of  1. 25  to  provide  a  structural 
margin  for  non -uniformity  due  to  hand  fabrication  we  have: 

1. 0  X  1. 25  X  .  4625  psi  =  .  5781  psi 
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ABSTRACT 


This  investigation  consists  of  determining  the  dynamic  response  of  a 
thin,  uniform-thickness,  truncated  spherical  shell  to  air-blast  induced 
shock  loads.  The  response  analysis  includes  a  failure  criterion  for 
determining  the  vulnerability  of  this  type  of  structure  to  nuclear  blasts. 

The  structural  dynamic  characteristics  of  the  radome  were  represented 
by  the  normal  mode  approach.  The  mathematical  representation  of  the  blast- 
induced  pressure  loading  was  based  on  published  e3q)erimental  data,  A 
failure  criterion  developed  from  strain  energy  considerations  is  suggested, 
which,  when  applied  to  the  dynamic  response  is  indicative  of  structural 
failure.  Solutions  to  this  mathematical  model  were  obtained  from  an 
operational  analog  con5)uter.  The  results  of  this  study  are  promising; 
however,  further  investigations  considering  radomes  of  various  height-to- 
diameter  ratios  are  required  to  substantiate  the  generality  of  this 
approach. 
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The  reliability  of  o\ir  missile  defense  system  requires  that  each 
system  be  designed  end  constructed  to  perform  its  designated  function  in 
the  environment  associated  with  national  defense.  The  environment  for 
national  defense  includes  the  possibility^  of  nuclear  attack  against  isajor 
national  targets.  Thus,  it  is  necessary  for  the  elements  of  the  defense 
system  to  survive,  to  the  maxiunm  practical  extent,  the  effects  of  the 
nuclear  blast  and  be  able  to  perform  their  designated  functions.  Hardening 
of  the  missile  system  proper  is  accoE5>lished  by  placing  the  interceptor 
missiles  tmderground  in  hard  silos.  The  associated  antenna  system,  however, 
must  be  above  ground.  The  protection  of  antenna  systems  may  possibly  be 
provided  by  properly  hardened  radomes  which  have  been  designed  to  withstand 
the  environment  inqjosed  by  nuclear  weapons.  Therefore,  in  order  to  deter¬ 
mine  the  feasibility  of  radome  hardening  a  method  of  analysis  is  required 
for  determining  the  vulnerability  of  such  a  structure  to  nuclear  blasts. 

This  investigation  is  concerned  with  determining  the  vulnerability  of 
a  large  ground-based  radome  to  dynamic  overpressures  generated  by  a  nuclear 
blast.  For  this  investigation,  vulnerability  is  defined  as  that  level  of 
free-fleld  overpressure  which  will  just  caiise  structural  failure  of  the 
shell-like  radome.  The  radome  of  interest  is  a  single -material,  spherical 
shell  of  uniform  thickness  which  is  truncated  such  that  h/D  *  0,71, 

When  ejqposed  to  a  blast  loading  of  sufficiently  low  intensity,  the 
shell  will  respond  elastically  without  experiencing  any  permanent  deforma¬ 
tion.  As  the  load  intensity  is  increased  the  response  will  eventually  become 
inelastic  resulting  in  a  permanent  deformation  or  even  con5>lete  destruction. 
E:q)eriments^  have  shown  that  the  difference  between  blast  overpressxires 
which  j\ist  initiate  dynarajc  buckling  and  overpressures  which  cause  complete 
failure  is  quite  small.  From  a  design  consideration,  therefore,  it  is 
sufficient  to  consider  the  onset  of  inelastic  response  as  coiiq?lete  failure 
rather  chan  atteiapting  to  define  the  inelastic  or  postbuckling  response. 

Because  of  shock  reflection  effects  the  blast  loading  on  a  radome  is 
a  complex  fvinction  of  space  and  time.  If  the  nature  of  the  loading  is  known, 
however,  end  available  analytical  techniques  can  be  used  to  determine  the 
structural  resistance  of  the  shell,  then  the  equations  of  motion  which  des¬ 
cribe  the  dynamic  response  in  the  elastic  range  can  readily  be  formulated. 

The  solutions  to  these  equations  then  yield  time  histories  of  either  deflec¬ 
tions  or  internal  loads.  This  is  the  usual  mathematical  model  which  is 
generated  for  any  general  dynamics  problem.  If  a  failure  criterion  were 
available,  the  dynamic  response  obtained  from  this  model  can  be  used  to 
determine  the  vulnerability  of  the  ground-based  radome  to  nuclear  blasts. 


EQ,UmOH3  (F  MOnOH 


A  coEBOon  method  of  epproxlmatlog  a  continuous  structure  Is  that  of  a 
8eDi*>rigld  representation.  According  to  this  method  the  structure  is 
treated  as  having  only  a  finite  number  of  degrees  of  freedom  vhlch  are 
specified  by  displacement  functions,  or  modes.  Obviously,  the  representa> 
tion  cannot  he  perfect,  hut  provided  that  the  displacement  functions  are 
veil  chosen  and  adequate  in  ntmdier,  it  is  sufficiently  good  for  practical 
purposes.  Tvo  kinds  of  displacement  functions  have  been  used  for  the  sem;L- 
rigld  representation  of  structures^  viz.,  assumed  modes  and  resonant  modes. 

The  use,  of  assumed  modes  ha^v  the  advantage  that  ingenuity,  rather  than 
labor,  is  involved  in  choosing  the  modes.  Normal  modes  have  the  theoretical 
advantage  that  the  resulting  generalized  eqtiatlons  of  motion  are  inertially 
and  elastically  uncoupled.  Also,  a  fewer  number  of  resonant  modes  is 
usually  required  to  represent  the  structure.  The  ixse  of  normal  modes  has 
the  disadvantage,  however,  that  considerable  labor  is  involved  in  determining 
the  mode  shapes. 

For  this  investigation  the  structtural  dynamic  characteristics  of  the 
radome  were  represented  by  the  resonant  mode  approach.  This  method  of  dynamic 
analysis  expresses  t^  deformation  of  the  structure  in  terms  of  normal  vibra¬ 
tion  modes  through  the  series: 

Z  pCt)  (1) 

where  the  generalized  coordinates  (q^)  are  determined  from  the  familiar 
generalized  equations  of  motion  - — 


M.  'l(t)  col  Mi  o.(t)  =  q  (t) 


(2) 


The  generalized  masses  (Mj)  and  generalized  forces  (Qj)  are  defined  as. 


where 


is  Kronecker's  delta. 


(3) 

i^) 
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If  desired,  a  viscous  damping  term  of  the  fora  may  he 

Inclxided  In  Equation  2.  Having  presented  the  generalized  equations  of 
notion  In  terms  of  a  continuous  system,  it  Is  noted  that  the  s^me  equa> 
tlons  apply  to  a  lun5)ed-parameter  system.  The  only  difference  occurs  in 
the  numerical  evaluation  of  the  generalized  mass  and  generalized  force, 

VIBRATION  ANALYSIS 


Before  the  generalized  equations  of  notion  can  he  con^letely  defined  - 
the  natural  frequencies  and  mode  shapes  are  required,  Hrennlkoff’s  lattice 
analogy^  of  continuous  structures  was  considered  to  he  the  most  practical 
approach  for  determining  the  normal  nodes  of  a  spherical  shell.  It  was 
observed,  however,  that  the  lattice  analogy  per  se  could  he  hy-passed  hy 
taking  advantage  of  the  known  membrane  solution  for  the  "hreathing"  mode 
frequency  of  a  spherical  shell. 


The  well-known  direct  stiffness  method  was  used  to  determine  a  flexl- 
hillty  infltience  coefficient  matrix  for  a  lattice-type  radome,  A  conven¬ 
tional  vibration  analysis  yielded  the  normal  node  shapes  and  nattiral 
frequencies  for  the  space-frame  radome.  The  resulting  mode  shapes  were 
considered  directly  applicable  to  a  shell-type  radome,  hut  some  method  for 
relating  the  frequencies  of  the  framework  to  the  frequencies  of  a  shell 
was  required.  The  natural  frequencies  of  the  framework  were  normalized  by 
dividing  each  frequency  by  the  frequency  of  the  "breathing"  node,  i*e.;  the 
menibrane  shell  mode  whereby  the  shell  expands  and  contracts  In  a  spherically 
symmetric  fashion.  Asserting  that  these  frequency  ratios  are  applicable  to 
a  spherical  shell  and  using  the  menibrane  solution  for  the  frequency  of  the 
"hreathing"  mode, 3 


U) 


(5) 


the  frequencies  of  a  radome  shell  are  established. 

Of  the  eigenvectors  which  were  obtained,  only  three  modes  could  be 
visualized  as  contributing  to  the  dynamic  response  of  the  radome.  The 
remaining  modes  were  complex  in  shape  such  that  the  generalized  forces  in 
these  modes  would  be  quite  small.  The  three  mode  s^napes  which  were  retained 
for  the  dynamic  response  analysis  are  shown  pictorislly  in  Figure  1,  The 
first  mode  is  frequently  referred  to  as  a  "rocking"  mode  although  Figure  1 
shows  that  most  of  the  motion  involves  lateral  translation.  The  second  mode 
involves  the  top  portion  of  the  radome  deflecting  downward  with  the  sides 
deflecting  outward,  and  the  third  mode  of  interest  is  the  breaching  mode. 
Hereafter,  these  modes  will  be  referred  to  as  modes  one,  two  and  three, 
although  the  breathing  mode  is  not  necessarily  the  third  normal  mode  of  the 
structxure.  The  experimental  results  of  Reference  (k)  indicate  that  the 
rocking  mode  and  the  breathing  mode  are  predominant  in  the  blast -response 
of  a  radome  for  which  h/D  =  0,71* 
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Tbe  frequency  ratios  of  these  nodes  vere  obtained  by  dividing  each 
frequency  by  the  frequency  of  the  breathing  node  giving: 


fl/f3  *=  0.269 
f2/f3  *=  0.310 
t^lf^  =  1.0 

and  using  Equation  5  the  freqtiencies  associated  vlth  the  three  nodes  of 
Interest  are  given  by: 


(6) 


NIK3£AR  BLAST  REPRESENTATION 


Inmediately  after  the  occurrence  of  a  low-altitude  e;q)losion  a  high- 
pressure  wave,  kno^TO  as  the  incident  blast  wave,  develops  and  moves  spheri¬ 
cally  outward  from  the  fireball.  When  the  incident  blast  wave  strikes  the 
earth  a  reflected  blast  wave  is  formed.  The  reflected  shock  wave  travels 
through  the.  atmosphere  at  a  higher  velocity  than  the  incident  shock  and  the 
two  eventually  merge  to  form  a  single  shock  front  called  the  Mach  stem,  as 
ehown  in  Figure  2,  The  significance  of  the  Mach  stem  is  that  the  destructive 
shock  wave  of  concern  is  normal  to  and  travels  parallel  to  the  earth's 
stirface.  Considering  the  Mach  stem  as  an  ideal  shock  wave  relations  in¬ 
volving  shock  velocity,  wind  velocity,  free-field  overpressure,  dynamic 
pressure,  and  the  density  of  air  behind  the  shock  front  can  be  formulated 
from  the  Rankine-Hugonlot  relations  and  the  equation  of  state  for  air. 5 

When  the  Mach  stem  strikes  an  object,  the  resulting  flow  field  is  quite 
conplex  because  of  interactions  between  the  free-field  flow  and  shock  waves 
which  are  reflected  from  the  surface  of  the  obstacle.  As  a  result  of  reflec¬ 
tion  the  overpressure  on  the  surface  of  a  structure  rapidly  increases  to  a 
peak  value  which  is  several  times  larger  than  the  free-field  overpressxure. 

As  the  blast  wave  moves  on,  the  reflected  overpressure  at  a  point  on  the 
structxire  decreases  quite  rapidly  to  the  free-field  overpressure  plus  a 
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dynamic  pressure.  "Hie  reflected  overpressure,  or  "diffraction  loading", 
is  dependent  on  the  peak  free-field  overpressure  and  the  local  angle  of 
incidence  hetveen  the  shock  wave  and  the  structure.  After  reflection 
effects  have  subsided  the  dynamic  pressure  is  the  significant  consideration 
in  determining  the  "drag  loading". 

J  Because  of  the  complexity  of  the  interrupted  flow  field  model  or  full- 

I  scale  tests  appear  to  be  the  best  source  of  pressure  data.  Full-scale  tests^ 
‘  have  determined  that  the  characteristics  of  the  shock  wave  are  governed  by 
the  Bankine-Hugoniot  relations  and  since  the  flow  generated  within  a  labora¬ 
tory  shock  tube  satisfies  these  same  relations,  the  shock  tube  serves  as  a 
practical  analog  of  the  Mach  stem.  The  pressure  expressions  developed  below 
are  based  primarily  on  the  results  of  shock  tube  tests  which  were  conducted 
by  Armour  Research  Foundation  in  I958  to  determine  the  blast  loading  on 
.  :  arches  end  domes, ° 

'  Assianing  that  the  pressure  inside  the  radome  remains  ambient,  the 

pressure-time  history  for  a  point  on  the  upstream  half  of  the  radome  is  as 
shown  in  Figure  3,  where  T'  represents  time  referenced  from  the  time  of  shock 
wave  arrival  at  that  point.  Test  data  indicate  that  the  reflected  over¬ 
pressure  quickly  attains  its  peak  value,  such  that  for  practical  purposes 
^  =  0.  .  Thus,  the  pressure  at  a  particular  point  on  the  front  half  of  the 
i  radome  can  be  described  by: 

oM  ^  o  - - 

«  * 

\  f 

;  f  ^  - 

(7) 

j  - 

/>tr)  = 


At  the  lower  overpressures  of  interest  shock  reflection  effects  on  the  rear 
half  of  the  radome  are  small  such  that: 

^(r)  =  0  - 

f>(7)  '  yf  (}-  - o'<r 


(8) 


Examination  of  the  e3g;>eriiaental  data  indicates  that  P2  and  can  he 
approximated  by: 

^f>  , 

where  a  =  •?!  and  b  =  ,50  regardless  of  overpressure  or  location.  This 
suggests  that  the  pressure  on  the  front  half  of  the  radome  can  be  expressed 
in  terms  of  the  presstire  at  x  =  0  (See  Figure  2  for  coordinate  system). 
Letting  t  represent  time  referenced  to  the  time  of  shock  arrival  at  x  =  0, 
then  ^  =  t  -  x/U  and, 

^CXjt)  -  t-Vo)  ■  fCx)  (9) 


which  expresses  the  press\ire  at  any  point  in  terms  of  the  pressure  at 
X  =  0,  a  time  delay,  and  a  magnitude  attenuation  function.  The  magnitude 
attenuation  function  can  be  determined  from  experimental  data®  by  the 
relation 


f(i)  = 


(xo) 


Notice  that  the  pressure  is  a  spatial  function  of  the  x-coordinate  only. 
This  is  attributed  to  the  dependence  of  the  reflected  overpressure  upon 
the  incident  angle  between  the  shock  wave  and  the  radome  surface.  This 
angle  is  constant  over  any  circle  whose  plane  is  parallel  to  the  shock  wave. 

The  final  pressure  eq\iatlons  can  now  be  written  by  transforming  to  the 
radome  coordinate  system  using  x  =  x  +  R,  The  time  intervals  applicable  to 
each  pressure  equation  are  also  converted  to  spatial  intervals  on  the  x  - 
coordinate.  These  spatial  Intervals  define  the  limits  of  integration  in  the 
generalized  force  equations. 

For  -1/2  k  x/D  0; 


/■«-*'  ■  »]  . 

(u) 

- ‘A  Vi 
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(12) 


- %(t-%)-yz'<%'<  -  '/z- 

f^p  - '  — 

-  %(t-%y  Vz'<%  ^  %(t-^)~  4 


(13) 


For  0  ^  x/D  ^  1/2; 

fm)  =  ^  - 

- %(t-r.)-</i'<VDi(%)t-'A 

Note  that  the  definition  Pi(o)  «  Pj-o  has  “been  used  and  that  the  last  two 
equations  have  been  linearized  with  respect  to  the  spatial  coordinate* 

The  shock  wave  velocity  is  related  to  free-f ield  overpressure  by  the 
Rankine-Hugoniot  equations,  which  give: 


(1^) 


4/=  c,f* 


^  fs» 
7f> 


(15) 


The  peak  reflected  overpressure  at  x  =  -R  is  assumed  to  be  given  by: 


.  .  (2A115^ 


(16) 


which  is  the  equation  for  the  peak  reflected  overpressure  on  a  flat  plate 
at  normal  Incidence  with  the  shock  wave,^ 

Equations  11  throu^  14,  together  with  15  and  I6,  now  e^qpress  the 
pressure  loading  on  the  radore  as  a  function  of  space,  time  and  free-field 
overpressure.  Ihe  period  of  the  positive  phase  duration,  7^  ,  as  a 
function  of  overpressiwe  can  be  found  in  References  (5,'  or  (7)»  Varia¬ 
tions  of  Tjg  nnd  X-i  with  overpressure,  as  shown  in  Figure  k,  were  taken 
from  Reference  (6).^  The  function  f (x/d),  also  based  on  the  data  of  Reference 
(6),  is  shown  in  Figure  5* 


-  11  - 


Having  developed  expressions  for  the  pressure  loading  on  the  radone 
as  a  function  of  space  and  time,  relations  can  nov  he  written  for  the  modal 
generalized  forces.  Since  four  expressions  were  necessary  to  describe  the 
pressure,  the  generalized  force  in  the  i  —  mode  can  be  written  as: 


where  "J”  designates  that  portion  of  the  generalized  force  associated  with 
a  particular  pressure  equation.  From  the  definition  of  generalized  force, 

U.4.. 

<P*}t)  =  ,  (18) 

'/.z. 

where  0i^(x,y,z)  is  the  radial  deflection  con5)onent  of  the  i  —  mode  and  the 
upper  and  lower  limits  (U.L,  and  L.L.)  of  integration  are  functions  of  time 
which  are  specified  by  the  applicable  range  of  x/D  associated  with  each 
pressure  equation.  Substituting  Equation  11  into  Equation  13  gives: 


(20) 


where  the  indefinite  integrals  can  be  approximated  Dy  the  summations,  as 
shown,  with  the  summations  of  "m"  being  carried  out  for  control  points  whose 
x/D  -  coordinates  lie  between  x/D  =  -  l/2  and  x/D,  Since  ... 


=  ai.)  -  L.L.) 


Equation  19  can  then  be  written  as: 


4'Jw '  -f 
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1 


(21) 


SlBlIarly> 


jf.  -  [^]  %(f-r.)-y^  -  Kl%- 

+  [^][^pi)=  %(t-r,h-/z]  (22) 

+[^{6[^--(^<'-^2] \)  (24) 


Since  Equations  11,  12  and  I3  were  applicable  only  for  the  front  half  of 
the  redone,  Eqtiations  21,  22  and  23  are  restricted  to  -I/2  ^  x/D  t  0, 
Similarly,  Eqxiation  24  is  restricted  to  0  ^  x/D  <  I/2, 

FAILURE  CRITERION 


A  spherical  shell  subjected  to  hydrostatic  pressure  contracts  uniformly 
and  the  strain  energy  increases  as  the  applied  pressure  is  increased.  According 
to  the  works  of  Von  Karman  and  Tsien,^  at  some  critical  pressure  the  spherical 
equllibritan  configuration  becomes  \instable  and  the  shell  ”  jua5>s"  from  the 
spherical  configuration  to  a  different  stable  configuration.  Tsien9  indicates 
that  the  shell  fails  as  a  result  of  this  sudden  change  from  one  energy  level 
to  a  lower  energy  level. 

Ibe  failure  criterion  used  in  this  investigation  was  developed  by  noting 
that  there  may  be  a  similarity  in  the  buckling  mechanisms  of  spherical  shells 
under  hydrostatic  loading  and  under  the  transient  dynamic  loading  of  a  blast. 

It  was  reasoned  that  as  the  peak  free-fleld  overpresstire  is  Increased,  the 
maximum  strain  energy  increases  until,  at  a  critical  free-field  overpressure, 
failure  occurs.  It  was  hypothesized  that  the  static  failure  and  the  dynamic 


fallxire  of  a  shell  occur  at  the  same  critical  strain  energy  level.  Thus, 
the  critical  value  of  strain  energy  at  which  the  radone  fails  when  subjected 
to  a  blast  loading  can  perhaps  be  determined  from  knowledge  of  the  strain 
energy  at  which  hydrostatic  buckling  occurs. 

Consider  a  uniform  thickness,  single  material,  spherical  shell  under 
a  uniform  static  pressure  loading.  As  long  as  the  deflection  is  in  the 
elastic  range  the  radial  deflection  is  uniform  and  equal  to: 


Z£t 


(25) 


Thus,  the  strain  energy  is  given  by: 


u  =  = 


¥£t 


(26) 


In  the  case  of  a  truncated  sphere  with  a  fixed  base,  the  strain  energy  can 
be  approximated  by  ,,, 


o  « 


¥£t 


(27) 


if  the  additional  strain  energy  introduced  near  the  restrained  base  is 
Ignored, 

If  an  acceptable  theory  were  available  for  predicting  the  hydrostatic 
buckling  pressures  of  spherical  shells.  Equation  27  could  be  used  to  determine 
the  critical  strain  energy.  Several  investigators^®»^^>^2  jjayg  determined 
the  theoretical  buckling  pressxire  based  upon  Love’s  th5,n  shell  theory: 

°  (28) 


Althou^  experimental  data  are  widely  scattered^3  it  is  generally  concluded 
that  Equation  28  gives  results  which  ere  conservative  by  a  factor  of  three 
or  four,®  Experimental  buckling  presstires  have  been  determined^  for  three 
U'lnch  diameter  aluminvun  shells  having  radi\i5-to-thickness  ratios  of  approxi¬ 
mately  370,  246  and  I83,  The  results  show  that 

=  0.3S  £(%)^  (29) 
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Using  Equation  29  to  modify  Equation  28  gives 


^  ^  isf/'-vV  (30) 

vhere  K  «  •286..  Iliis  xe\  Ion  is  then  in  general  agreement  vith  experimental 
data. 


Siibstitutlng  Equation  30  into  Equation  27  and  nondimensionalizing  by 


results  in  a  critical,  dimensionless  strain  energy  e:q;>resslon  which  is 
dependent  only  upon  the  helght-to-dlameter  ratio: 

•  f09  (^^p)  (31) 


Since  h/D  =  0.71  In  this  investigation,  =  .0774  defines  the  level  of 
strain  energy  at  which  buckling  occurs. 

The  dynamic  strain  energy  in  a  system  can  be  expressed  in  terms  of  the 
generalized  coordinates  by*-^ 

J 

OCt)  -  .  (32) 

c*f  * 

Hxe  results  of  this  study  indicate  that  the  maximum  strain  energy  is  due 
almost  entirely  to  the  response  in  the  first  mode.  A  study  of  the  first 
mode  shape  (Figure  l)  shows  that  a  considerable  amount  of  the  motion  is  a 
lateral  translation  of  the  radome  with  respect  to  the  base.  Intuitively, 
it  appears  as  though  failure  in  this  mode  should  occur  near  the  base  at  the 
rear  of  the  shell  where  a  high  state  of  conpression  exists.  On  occasion 
this  type  of  failure  has  been  observed  experimentally. 15  The  more  common 
mode  of  failure,  however,  is  a  "snap"  or  ”dlnple”  buckling  on  the  upstream 
side  of  the  radome.  In  the  attempt  to  explain  the  occurrence  of  these  two 
types  of  failure  due  to  response  in  the  first  mode,  let  the • x-def lection 
components  of  the  first  mode  be  given  by  the  superposition  of  two  other 
shapes. 


(33) 


vhere  0xcgi^*^  considered  cs  a  curving  or  distortion  of  the  polar 
axis  (z  s  axis)  of  the  radome  in  the  first  saode.  In  terra  of  spherical 
coordinates 4  • 

ft 
ft 


which  is  seen  to  he  the  lateral  translation  of  the  center  of  gravity  of 
a  horizontal,  circular  section  of  the  radome  at  any  z-location*  Equation 
34  was  evaluated  and  the  results  ere  shown  in  Figure  6.  This  portion  of 
the  nodal  deformation  appears  to  result  from  local  shearing  or  bending  in 
the  vicinity  of  the  truncation  plane. 


c// 


(34) 


Using  the  definition  of  generalized  mass.  Equation  3>  the  strain  energy 
in  the  first  node  can  be' written  as 


(35) 


Substituting  Equation  33  iQto  Equation  35  gives 


Equation  36  splits  the  strain  energy  in  the  first  mode  into  three 
parts.  It  can  be  sho\m  that,  by  definition  of  ^xx  0xcgi »  the  third 
Integral  in  Equation  36  is  identically  zero.  The  second  integral  describes 
that  portion  of  the  strain  energy  resulting  from  the  translatory-type  of 
notion  (0xcgi )  first  mode.  It  can  be  seen  from  Figure  6  that  the 

strain  due  to  this  deformation  is  concentrated  near  the  base  of  the  radome 
and  could  possibly  result  in  failure  at  the  base. 


The  strain  energy  failure  criterion  will  be  applied  to  the  remaining 
portion  of  the  strain  energy  in  the  first  mode,  as  given  by 


(37) 
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together  vlth  the  strain  energies  of  the  second  and  third  loodes 
Defining  a  modified  generalized  mass  In  the  first  mode  as 


the  modified  strain  energy  due  to  the  response  In  all  three  modes  Is 
obtained  by  rewriting  Equation  32  as 

Finally,  the  failiare  criterion  asserts  that  when  the  blast  overpressure 
Is  large  enough  such  that  the  dynamic  response  of  the  radome  gives 

=  0.077/^  (40) 

some  degree  of  structural  failure  has  occurred. 

RESULTS 


Solutions  to  the  mathematical  model  just  described  were  obtained  from 
an  operational  analog  computer.  Since  the  simulation  technique  is  not  the 
subject  of  this  paper  the  computer  mechanization  will  not  be  discrissed. 

The  method  of  analysis  which  has  been  presented  was  verified  by  ana¬ 
lyzing  three  radome  models  for  which  experimental  data  were  available. 

These  radome  models  consisted  of  four-inch  diameter  altiminum  spheres,  trun¬ 
cated  such  that  h/D  =  0.71*  The  three  aluminum  shells  had  radius-to- 
thickness  ratios  of  approximately  3V0,  2U6  and  I83.  The  critical  blast 
overpressures  for  these  models  were  determined  from  shock- tube  cests  which 
were  conducted  by  MIT/Lincoln  Laboratory.^ 

Each  of  these  three  shells  was  simulated  on  the  analog  conputer  to 
determine  the  variation  of  peak  strain  energy  with  free-field  overpressure. 
These  results  are  shown  in  Figure  7  for  the  three  different  redius-to-thickness 
ratios.  The  intersections  of  the  horizontal  line  at  =  .0774  with  the 
strain  energy  curves  give  the  theoretical,  critical  overpressures,  A  com¬ 
parison  of  theoretical  end  experimental  results  is  shown  in  Figure  8,  It 
should  be  noted  that  the  experimental  pressures  represent  mean  values  of  the 
ejperimental  data.  The  correlation  shows  a  maximum  deviation  of  l6,8^  and 
an  average  deviation  of  6,8?&  for  the  three  check  cases. 
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Variations  in  the  radone  diameter,  while  maintaining  a  constant  R/t, 
resisted  in  the  same  dimensionless  strain  energy  curves,  indicating  that 
the  critical  overpressures  shown  in  Figure  8  are  applicable  to  any  diameter# 
lEhis  resxilt  was  not  unexpected  since  t^  same  conclusion  can  be  made  from 
an  examination  of  the  equation  of  motion  of  a  sia^tle  second  order  system# 

This  same  result  is  discussed  in  detail  by  l&»ldoon^5  with  the  conclusion 
that  a  full-scale  radome  will  eidsibit  the  same  dynamic  behavior  as  a  model 
provided  that  all  dimensions  as  scaled  as  a  linear  function  of  the  diameter# 

Having  established  the  applicability  of  this  method  for  predicting 
critical  overpressxires,  radomes  constructed  of  glass -reinforced  plastic 
laminates  were  then  analyzed#  The  following  typical  material  properties 
were  used  to  represent  a  practical  radome  material: 

E  =  2#0  X  10^  psi 
f  =  0#06  Ibs./in#^ 

V  =  1/6 

Ho  consideration  was  given  to  any  non-orthotropic  properties  of  the  material* 
The  variation  of  maximum  strain  energy  vith  free-field  overpressure  is  shown 
in  Figure  9  fo**  various  raditis-to-thickness  ratios  and  Figure  10  gives  the 
critical  free-field  overpressure  versus  R/t  for  the  laminated  plastic  radomes# 

CONCLUDIHG  REMARKS 

A  method  has  been  presented  for  determining  the  vulnerability  of  shell- 
llhe  radomes  to  the  transient  pressiire  loading  induced  by  a  nuclear  blast 
and  the  accuracy  of  the  method  has  been  demonstrated#  It  should  be  noted 
that  this  investigation  considered  only  one  height-to-diameter  ratio  such 
that  the  generality  of  the  approach  used  here  has  not  been  established# 

Data  were  presented  showing  critical  blast  overpressvares  for  radomes 
constructed  of  glass -reinforced  laminated  plastic#  The  critical  overpressures 
shown  are  applicable  for  any  diameter,  however,  the  data  are  restricted  to 
radomes  having  a  height-to-diameter  ratio  of  approximately  0,71,  Intention¬ 
ally,  no  conclusions  are  made  regarding  the  feasibility  of  protecting  antenna 
installations  by  means  of  hardened  radomes#  Conclusions  of  this  nature 
would  Involve  such  considerations  as  cost  of  construction,  electromagnetic 
transmissibility  and  the  probability  of  exceeding  a  prescribed  overpressure 
in  the  event  of  an  attack. 
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